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Abstract 
The aimThe aimThe aimThe aim: To compare mean inactivation doses between the triangular and the V-shaped; 
the triangular and conventional; and V-shaped and conventional patterns of dose delivery 
on prostate tumour cells, with α/β ratios of 1 Gy, 1.5 Gy and 3 Gy. 
 
Design and methodDesign and methodDesign and methodDesign and method: A total of 45 treatment plans created for prostate tumours, using 
conformal radiotherapy techniques, six treatment fields, and dose per fraction of 2 Gy 
were sequentially collected. The beam weightings and treatment field positions used in 
the creation of these treatment plans, as well as prostate tumour cell kinetic parameters 
from literature, were then used to perform computational simulations, using the Virtual 
Cell Radiobiology programme Version 2 to calculate tumour cell survival. The mean 
inactivation doses for each α/β ratio and for each dose delivery pattern were calculated. 
 
ResultsResultsResultsResults:  
For the comparison between: (i) the triangular and conventional dose delivery patterns 
across the three α/β ratios, the results showed a non- significant difference, with 
p=0.5436;   (ii) for the triangular and V-shaped patterns of dose delivery across the three 
α/β ratios, the results indicate that the triangular pattern is not statistically different from 
the V-shaped pattern, with p=0.5436; and (iii) for the V-shaped and conventional patterns 
of dose delivery, a non-significant difference with p=0.5436 was observed. 
 
DiscussionDiscussionDiscussionDiscussion: The observed non-significant differences in mean inactivation dose from the 
different dose delivery patterns is attributed to 1) treatment times that are shorter than 
the sub-lethal damage repair half times; (2) high dose rates used in conformal 
radiotherapy techniques; and (3) the small size of individual dose fields.    
ConclusionsConclusionsConclusionsConclusions:     
The study demonstrated that the suggested triangular and V-shaped patterns of dose 
delivery do not result in different biological effect when implemented to 3-D conformal 
treatment techniques.  
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Glossary of TermsGlossary of TermsGlossary of TermsGlossary of Terms 

 

3333----D conformal radiation therapyD conformal radiation therapyD conformal radiation therapyD conformal radiation therapy    
A treatment technique where the radiation treatment beams used are shaped to conform 
to the shape and size of the target volume. 
 
αααα////ββββ    ratioratioratioratio    
The ratio of the parameters α and β in the linear quadratic model. It is used to 
characterise the radiation sensitivity of normal tissue, as well as tumours.1, 21, 55  
 
AberrationAberrationAberrationAberration    
Atypical development or growth.1 
 
AcentricAcentricAcentricAcentric    chromosomechromosomechromosomechromosome    
A chromosome fragment without a centromere.1 
 
Algorithm Algorithm Algorithm Algorithm     
In mathematics and computer science, it is an effective method expressed as a finite list 
of well-defined instructions for calculating a function.  
 
Base pairBase pairBase pairBase pair    
A pair of complementary nitrogenous bases in a DNA molecule, adenine pairs with 
thymine, and guanine pairs with cytosine. It is also the unit of measurement for DNA 
sequences.21 
 
Beam weightingBeam weightingBeam weightingBeam weighting    
The individual dose contribution from each treatment field. 
 
Chromosomal aberrationChromosomal aberrationChromosomal aberrationChromosomal aberration    
Any change resulting in duplication, deletion, or rearrangement of chromosomal 
material.1, 21   
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Cell survival fraction Cell survival fraction Cell survival fraction Cell survival fraction     
The fraction of cells that survive a dose of radiation.1 
 
Dicentric chromosomeDicentric chromosomeDicentric chromosomeDicentric chromosome    
A chromosome with two centromeres.1, 21, 65 
 
DifferentiDifferentiDifferentiDifferential equational equational equational equation    
Mathematical equation for an unknown function of one or several variables. 
 
Dose rateDose rateDose rateDose rate    
The radiation dose delivered per unit time, for instance, in grays per hour.1, 21 
 
DoubleDoubleDoubleDouble----strand breakstrand breakstrand breakstrand break    (DSB)(DSB)(DSB)(DSB)    
A break in both strands of a DNA molecule.1, 21, 55 
 
Gray (Gy)Gray (Gy)Gray (Gy)Gray (Gy)    
A unit of absorbed dose. 1 Gy = 1 J per kg.1, 21, 55 
 
He La cellsHe La cellsHe La cellsHe La cells    
A cell type in an immortal cell line used in scientific research. It is the oldest and most 
commonly used human cell line.61 
 
HypofractionationHypofractionationHypofractionationHypofractionation    
A reduction in the number of fractions with increase in fraction size within a similar overall 
time.21 
 
In vitroIn vitroIn vitroIn vitro    
In glassware, normally in a laboratory or in an artificial environment outside the living 
body.1, 21 
 
In vivoIn vivoIn vivoIn vivo    
In the living; occurring within the living body of an organism.1, 21, 55 
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Isocentric doseIsocentric doseIsocentric doseIsocentric dose    
Radiation dose delivered to the isocentre. The isocentre is a common point in the target 
volume where all the treatment beams converge. 
 
IsoIsoIsoIso----effect doseeffect doseeffect doseeffect dose    
The total dose of radiation for a given effect.21 
 
Lethal damageLethal damageLethal damageLethal damage    
Damage that cannot be repaired.1, 21, 55 
 
Linear Energy Transfer (LET)Linear Energy Transfer (LET)Linear Energy Transfer (LET)Linear Energy Transfer (LET)    
The rate at which radiation energy is deposited as a charged particle travels through 
matter.1 
    
Linear Quadratic (LQ) modelLinear Quadratic (LQ) modelLinear Quadratic (LQ) modelLinear Quadratic (LQ) model 
The model in which the effect (E) is a linear quadratic function of dose (d): E = αd+ βD2. 
For cell survival: S = exp (-αd - βD2).21, 55  
 
Low dose radiosensitivity (LDR)Low dose radiosensitivity (LDR)Low dose radiosensitivity (LDR)Low dose radiosensitivity (LDR)    
The increased sensitivity to radiation caused by low doses.3 
 
NucleotideNucleotideNucleotideNucleotide    
The three components of a DNA molecule, including a nitrogenous base, a 5-carbon 
sugar and phosphoric acid.21 
 
Radiation Radiation Radiation Radiation treatment treatment treatment treatment fractionationfractionationfractionationfractionation    
Extension of the total radiation dose in radiation therapy over a period of time, ordinarily 
days or weeks, in order to minimise radiation effects on normal tissues.21 
 
RadiosurgeryRadiosurgeryRadiosurgeryRadiosurgery    
A radiotherapy treatment technique where only a single fraction is given, using high 
doses. 
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SubSubSubSub----lethal damagelethal damagelethal damagelethal damage    
Non-lethal damage that either can be repaired or can accumulate and become lethal if 
further doses are given.1 
 
Time dose effectsTime dose effectsTime dose effectsTime dose effects    
The dependence of the iso-effective radiation dose on the duration (and number of 
fractions) in radiotherapy.21 
 
Type 1 damageType 1 damageType 1 damageType 1 damage    
Creation of lethal single tract lesions.19    
 
Type 2 damageType 2 damageType 2 damageType 2 damage    
Creation of sub-lethal lesions which will interact with sub-lethal lesions that are created 
later during the same fraction to form lethal lesions.19 
    
Type 3 damageType 3 damageType 3 damageType 3 damage    
Creation of sub-lethal lesions which interact with sub-lethal lesions formed during a 
previous fraction, to form lethal lesions.19 
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Chapter 1 

Introduction 
 

1.1 Orientation to the study The goal of radiotherapy is to deliver a sufficiently high dose of radiation in order to sterilise tumour cells, with minimal damage to surrounding normal tissues.1 The fact that the interaction of radiation with cells, tissues and organs is a non-specific random process, with no specificity for tumour cells, makes the goal not easily achievable because of the presence of surrounding normal tissues. For this reason, with conformal radiation therapy treatment techniques, a dose fraction is usually delivered using multiple treatment fields to conform the dose to the planning target volume in order to minimise the dose to surrounding normal tissues.  
 Since the year 1990, an intense effort has been made in conformal radiotherapy treatment planning to ensure that the prescribed physical doses are accurately, uniformly and reproducibly delivered throughout the entire treatment course.2 However, with the advent of radiotherapy techniques such as Intensity Modulated Radiotherapy (IMRT), which utilises long treatment times (15 to 45 minutes), the possible impact of temporal effects such as fraction treatment time and the sequencing of treatment fields on treatment outcome has now come to the fore.2 
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 The biological impact of fraction treatment time on cell survival has been thoroughly studied and the possible biologic impact of beam sequencing has also been acknowledged. However, the studies outlining the optimal treatment field sequence that yields improved treatment outcomes are still in their infancy.2, 3 These studies have, indicated that tumour types with low α/β ratios respond better to the manipulation of treatment field sequence than tumour types with high α/β ratios. These studies2, 3 also determined that when higher dose fields are treated in the beginning of the fraction, a higher cell survival is observed than when lower dose fields are treated in the beginning of the treatment fraction. The current study was aimed at further investigating the optimal treatment field sequence when treating tumour types with low α/β ratios, in particular prostate tumours, using conformal radiotherapy treatment techniques.  
1.2 Background and rationale A typical clinical conformal radiotherapy treatment begins with a Computed Tomography (CT) of the body region of interest. The CT is then imported to a computer-based radiotherapy treatment planning system, where the clinical target volume and normal tissue structures are delineated.  For three-dimensional (3-D) conformal radiotherapy, computerised algorithms generally create a treatment plan using a technique called “forward planning” where the beam sizes, weights and positions are specified by a 
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dosimetrist and dose distributions are then calculated. The treatment plan is created according to the total dose, dose per fraction and total treatment time prescribed by the radiation oncologist for the particular tumour type and tumour stage. The resulting treatment plan should satisfy the International Commission of Radiation Units’ and Measurement (ICRU) 50 criteria of an acceptable plan.4  At the treatment unit, the prescribed daily dose is delivered using multiple beams from different directions. At present, no guidelines exist as to how these multiple beams should be sequenced during treatment.2 As a result, the order in which the treatment fields are sequenced is chosen by an individual radiation therapist delivering the treatment on that day and is not based on any pre-determined criteria. This random sequencing of beams was observed by the researcher at the Radiation Oncology Department of Steve Biko Academic Hospital.   This observation invoked a question as to whether a significant radiobiological effect can be induced by these different treatment field sequences. A search was conducted through the University of Pretoria information specialists, using the Medline (Ovid) database, the electronic database Pubmed and keywords (temporal optimisation, beam sequencing, order of dose application, and dose optimisation). 

 
 
 



Page | 4  

 

Both experimental and mathematically modelled radiobiological studies revealed that the degree of both tumour and normal tissue cell kill may be dependent on the temporal pattern (overall fraction time and pattern of dose delivery) of dose delivery during treatment.2, 3, 5, 6, 7, 8, 9 The impact of overall fraction time on cell kill has been thoroughly studied.10, 11, 12, 13, 14, 15, 16, 17 These studies analysed the effect of overall fraction time on cell kill and concluded that cell kill can be increased by keeping overall fraction time to a minimum. The impact of the pattern of applied dose has also been studied, but most studies failed to analyse how the treatment field sequence, i.e. the pattern of dose delivery, can be manipulated to optimise cell kill. Only three published studies, an in vitro study by Murphy and Lin3, and modelled studies by Brenner, Hall, Huang & Sachs18 and Altman & Chmura19, that attempted to determine how treatment field sequence can be manipulated to influence cell kill could be found by the researcher, using the above-mentioned databases and keywords.   Altman et al’s mathematically modelled study19 led to the development of two dose delivery patterns: 1) the triangular and 2) the V-shaped pattern of dose delivery. Altman et al investigated these dose-delivery patterns when applied to simplified IMRT clinical cases. IMRT differs from conformal radiation therapy technique in that it utilises a large number of external radiation fields that feature a high degree of spatial and fluence modulation for each beam.19 Conformal radiation therapy, on the other hand, uses a 
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small number of fields without fluence modulation.  Hence, conformal radiation therapy takes about two to five minutes to deliver a treatment fraction, whereas IMRT requires 15 to 45 minutes to deliver the same fractional dose.16  Altman et al ’s IMRT study19 concluded that temporal optimisation can be achieved by using triangular and V-shaped patterns of dose delivery to take advantage of time-dose effects (increase cell kill in tumours and decrease cell kill in normal tissues) within treatments, not only for IMRT but for non-IMRT radiotherapy techniques which use multiple radiation fields of differing doses as well.19 Altman et al ’s suggestion of implementing the dose-delivery patterns in non-IMRT radiotherapy techniques led to the undertaking of the current study.   
1.3 Statement of the research problem  The currently used patterns of dose delivery at Steve Biko Academic Hospital’s Radiation Oncology Department are non-standardised.  The pattern of dose delivery is rather determined by each individual radiation therapist, without coherence between different sessions of treatment. The lack of guidelines on how multiple fields should be sequenced during treatments leads to this haphazard beam sequencing and this anomaly is not inherent in the local setting only, but is also observed in international external beam radiation therapy practice worldwide.2 The development of triangular and 
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V-shaped patterns of dose delivery by Altman et al19, brought to light the fact that the pattern of dose delivery can be manipulated and possibly standardised in daily treatments in order to increase tumour cell kill, particularly in tumour types with low α/β ratios.   No study (experimental or modelled) could be found, using the above-mentioned search strategies, that applies these newly developed patterns of dose delivery to the more often used conformal radiotherapy treatment techniques. 
 

1.4 Aim of the study  The main aim of the study was to compare tumour cell radiosensitivity, when using the triangular, the V-shaped or the conventional pattern of dose delivery, in tumour types with low α/β ratios in 3-D conformal radiation treatment techniques.   The sub-aims of the study were to: 
• Compare triangular and V-shaped patterns of dose delivery on prostate tumour cells with α/β ratios of 1 Gy, 1.5 Gy and 3 Gy;  
• Compare triangular and conventional pattern of dose delivery on tumour types with α/β ratios of 1 Gy, 1.5 Gy and 3 Gy; 
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• Compare V-shaped and conventional patterns of dose delivery on tumour types with α/β ratios of 1 Gy, 1.5 Gy and 3 Gy.  
1.5 Hypotheses Null hypothesis1: There is no significant difference in tumour cell radiosensitivity between the triangular and V-shaped patterns of dose delivery when applied to prostate tumour cells with 1 Gy, 1.5 Gy and 3 Gy α/β ratios, using conformal radiotherapy treatment techniques. Null hypothesis2: There is no significant difference in tumour cell radiosensitivity between the triangular and conventional patterns of dose delivery when applied to prostate tumour cells with 1 Gy, 1.5 Gy and 3 Gy α/β ratios, using conformal radiotherapy treatment techniques.  Null hypothesis3: There is no significant difference in tumour cell radiosensitivity between the V-shaped and conventional patterns of dose delivery when applied to prostate tumour cells with 1 Gy, 1.5 Gy and 3 Gy α/β ratios, using conformal radiotherapy treatment techniques.  Alternative hypothesis1: The triangular pattern of dose delivery will result in significantly lower cell radiosensitivity than the V-shaped pattern of dose delivery when applied to 
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prostate tumour cells with 1 Gy, 1.5 Gy and 3 Gy α/β ratios, using conformal radiotherapy treatment techniques.   Alternative hypothesis2: The triangular pattern of dose delivery will result in significantly lower cell radiosensitivity than the conventional patterns of dose delivery when applied to prostate tumour cells with 1 Gy, 1.5 Gy and 3 Gy α/β ratios, using conformal radiotherapy treatment techniques.  Alternative hypothesis3: The conventional patterns of dose delivery will result in significantly lower cell radiosensitivity than the V-shaped pattern of dose delivery when applied to prostate tumour cells with 1 Gy, 1.5 Gy and 3 Gy α/β ratios, using conformal radiotherapy treatment techniques.   
1.6 Significance of the study  The success of a course of radiotherapy treatment is judged by increased tumour control and reduced normal tissue complications. Increased tumour control is dependent on increased tumour cell kill. Tumour cell kill is dependent on the optimisation of both spatial and temporal factors within daily radiotherapy treatments. Spatial factors have been thoroughly studied and have been optimised over the years in an attempt to increase tumour cell kill. Temporal factors, on the other hand, have been ignored because of the assumption that biological effect is solely dependent on the size 
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of the dose and the overall treatment time.2 The study explored the impact of temporal factors, in particular the dose-delivery pattern, in daily treatments with the aim of optimising them. The result of the study thus serves to ascertain the current practice of beam sequencing. Contrary results have been observed in IMRT studies.19      
1.7 Definitions of key variables In this section, conceptual definitions of variables are identified. A conceptual definition provides a variable with theoretical meaning and is either derived from literature or through general usage of the concept.20  Triangular pattern of dose deliveryTriangular pattern of dose deliveryTriangular pattern of dose deliveryTriangular pattern of dose delivery    The triangular pattern of dose delivery concerns the delivery of the dose of radiation that begins the fraction with a low-dose (less weighted) field at the beginning of the fraction, followed by high-dose (more weighted) fields in the middle of the fraction, and the remaining low-dose fields at the end of the fraction, as illustrated in Figure 1.1.  
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 Figure 1.1: Bar graph of the triangular pattern of dose delivery  VVVV----shaped pattern of dose delivery shaped pattern of dose delivery shaped pattern of dose delivery shaped pattern of dose delivery     The V-shaped pattern of dose delivery is the delivery of the dose of radiation that begins the fraction with a high-dose field at the beginning of the fraction, followed by low-dose fields in the middle of the fraction, and high-dose fields at the end of the fraction, as illustrated in Figure 1.2.  

 

 Figure 1.2: Bar graph of the V-shaped pattern of dose delivery 
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Conventional pattern of dose deliveryConventional pattern of dose deliveryConventional pattern of dose deliveryConventional pattern of dose delivery A conventional pattern of dose delivery is the pattern of dose delivery that is used most often at the Radiation Oncology Department of Steve Biko Academic Hospital to deliver a prescribed fractional dose.  Several conventional patterns are used in clinical practice. The pattern selected for this study is the one used by most radiation therapists in the radiation oncology department of the mentioned setting. The conventional patterns are not standardised, but are based on the decision of the individual radiation therapist and are mainly selected for convenience. The conventional pattern adopted for the study is shown in Figure 1.3.  

 Figure 1.3: Diagrammatic presentation of the conventional pattern used in the study Tumour cell survivalTumour cell survivalTumour cell survivalTumour cell survival    In radiation biology, a cell has survived when it has retained its reproductive capability after a dose of radiation. A cell that is still physically alive but has lost its reproductive capability is deemed dead.  
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Cell RadiosensitivityCell RadiosensitivityCell RadiosensitivityCell Radiosensitivity    The sensitivity of cells to damage by radiation, expressed by the mean inactivation dose (MID)  
1.8 Outline of the dissertation From Chapter 1, it emerged that the pattern of dose delivery, during the course of radiation therapy, may be adapted to influence the radiosensitivity of cells. In Chapter 2 theoretical background, based on a literature review, is presented to provide a conceptual framework for the rationale behind the suggested dose-delivery patterns. The research methodology adopted for the study to investigate the problem and to achieve the aim of the study is described in Chapter 3. Chapters 4 and 5 give a presentation and discussion of the findings of the study; and in Chapter 6, the main conclusions of the study are summarised and recommendations for practice and for further research made. A flow diagram presenting the structure of the dissertation is shown in Figure1.4.  
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 Figure 1.4: Flow diagram of the dissertation structure  
1.9 Conclusion This chapter provided a brief overview of the problem investigated in the study, linking what is already known about the problem to what the study aimed to investigate. The research problem was identified and reasons for conducting the study were given. The anticipated positive contributions of the results of the current study towards existing practice were highlighted.   

Chapter 1: Orientation to the Study Chapter 2: Literature Review  Chapter 3: Research Methodology Chapter 4: Results Chapter 5: Discussion of Major Findings Chapter 6: Conclusions and Recommendations 
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Chapter 2 

The temporal pattern of radiation dose delivery in conformal 
radiotherapy treatment techniques 

 

2.1 Introduction Critical to the understanding of this study is the fact that it is a mathematically modelled investigation based on the radiation biology of an entire course of radiation treatment.  In radiation biology, studies are conducted in different fields:  laboratory (in vitro) studies, mathematically modelled studies, and studies in application in clinical practice.21 Modelled studies have thus far been an important means of explaining the link between what is observed in the laboratory, and what is observed and implemented in clinical practice, as shown in Figure 2.1.  

 Figure 2.1: Diagram of the relation of different fields of study in radiation biology 
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2.2 Overview of literature review  As previously stated, radiation therapy is aimed at eradicating tumour cells, while sparing normal tissues.1 It is common practice to deliver radiation treatments in 2 Gy fractions, five fractions a week, up to 33 to 39 fractions in seven to eight weeks to achieve this aim.3 Each daily dose is usually delivered using multiple treatment beams, each of which contribute differing doses to the isocentric dose. In a single treatment fraction and consequently in the entire treatment course, the desired endpoint of optimal tumour cell kill is dependent on a number of factors, including: 
• Biologic factors (radiation capacity of the cells, intra-tumour inhomogeneities, oxygen content); 
• Spatial factors (radiation beam directions, field weight, treatment field size, dose distribution); 
• Temporal factors (fraction duration, dose-delivery pattern); 
• Dose rate; and 
• Type of radiation.2, 3, 21 The focus of the current study concerns temporal factors, in particular the dose-delivery pattern, as illustrated in Figure 2.2.  
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 Figure 2.2: Factors affecting tumour cell kill in each fraction of radiation  
2.3 Temporal factors in conformal radiotherapy For external beam radiotherapy, three significant time-related factors that influence the response of tissues to irradiation exist: 1) the daily fractionation schedule, 2) the duration of each individual fraction, and 3) the temporal pattern for delivering individual radiation fields.3, 22 In each fraction of radiation, two of the time-related factors viz. fraction duration and temporal pattern of dose delivery influence the radiobiological effects in that fraction.  Theoretical and experimental studies2, 18, 19 indicate that the temporal pattern (fraction duration and intra-fraction sequence for delivering individual radiation fields) of cell 
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irradiation influences the competition between surviving tumour cell proliferation, cell kill and sub-lethal damage repair. This competition, in turn, influences overall cell survival and hence tumour control.   The impact of temporal effects in radiation therapy has been investigated in a number of studies.10, 11, 12, 13, 14, 15, 16, 17 In these studies, the focus has been on the interaction of longer treatment times and cell repair, which is mostly associated with IMRT. Less attention has been paid to the intra-fraction dose-delivery pattern for individual radiation fields. These temporal factors are discussed below.   
2.3.12.3.12.3.12.3.1    Fraction durationFraction durationFraction durationFraction duration    Fraction duration is the total time measured from the time that the first beam is turned “on” until the last beam is turned “off”.  The impact of fraction duration on cell survival has long been acknowledged. In a classic study, Elkind and Sutton (1959)23 performed an in vitro experiment to investigate the impact of fraction duration on cell survival. A Chinese hamster cell line was irradiated with 992 cGy acutely, and in the next phase of the experiment the same cell line was irradiated with 505 cGy and 487 cGy over an interval of 30 to 40 minutes, separated by 12 hours. The results of the experiment indicated a 0.19 per cent survival for the acute irradiation and a 0.78 per cent survival when the two doses were separated by 12 hours.23  
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 Berry and Oliver (1964)24 also investigated this phenomenon in human cells. They exposed He La cells to a single fraction of 4 Gy and to two fractions of 2 Gy each separated by one to two hours. When compared to a 4 Gy single fraction, cell survival was increased by a factor of 1.15 for a one-hour separation and by a factor of 1.4 for the two-hour separation.24   More recent studies 10, 16, 22, 25, 26, 27, 28, 29, 30 analysed these effects on cell survival as they relate to modern therapeutic techniques, and show that there is a reciprocal relationship between cell kill and fraction duration. In particular, Sterzing, Munter and Schafer25 conducted an in vitro study to explore the impact of fraction time on cell survival. Two human cell lines, lymphoidblastic cells and melanoma cells, were irradiated with 2 Gy over times ranging from five to 30 minutes. Both cell lines showed a statistically significant increase in cell survival as the treatment time increased. Similar results are echoed in other studies.5, 17, 20, 21, 37, 31, 32  These observations prompted recommendations to adjust treatment planning and delivery processes to compensate for the protracted fraction dose-delivery times that are characteristic of IMRT, hypofractionated radiotherapy and radiosurgery.  
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With increasing evidence of this dose prolongation effect, the question then regards the biology underlying these studies. A comprehensive analysis of cellular mechanisms which give rise to this effect can be found in literature.31, 32 Briefly, lethal damage of cells caused by low Linear Energy Transfer (LET) radiation is the cumulative result of multiple independent radiation damage events rather than one catastrophic event. With the increasing protraction of fraction duration, a longer time period exists for adequate repair of deoxyribonucleic acid (DNA) damage during the fraction.  
2.3.22.3.22.3.22.3.2    DoseDoseDoseDose----delivery patterndelivery patterndelivery patterndelivery pattern    Another variable that affects the degree of cell kill is the functional form of how the dose is delivered over time in each fraction. Stewart and Traub5 from the Pacific Northwest National Laboratory (Portugal), in their effort to determine how the temporal pattern of dose delivery can be used to exploit the full potential of radiotherapy, developed software to estimate tumour control probabilities (TCPs) using tissue constructs. They used the Monte Carlo N-particle (MCNP) Monte Carlo code to compute the absorbed dose distribution for a cylindrical tissue construct that was irradiated by a broad parallel mega electron volt (MeV) beam from eight different directions. Given the dose distributions, a computer application, VOXEL, was then used to construct the absorbed dose rate function and to describe the sequence of radiation pulses experienced by the cells in each voxel. The computer application VOXEL uses the LPL radiobiological 
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model to estimate the fraction of the initial number of cells that survive in each tissue region. The authors’ conclusion suggests that the biologic optimisation of the way in which dose fractions are delivered (beam sequence and intensities) could improve the efficiency of some radiation treatments by factors in the order of five to 20 per cent (iso-effect dose).5 The study could not, however, determine how the beam sequence and beam intensities could be re-arranged to improve radiation treatments by the mentioned five to 20 per cent.   In a similar effort, Brenner et al18 used a computer-based numerical optimisation by adjusting doses in different parts of a single fraction, keeping the dose per fraction and time per fraction fixed. The study used the linear quadratic formalism, Normal Tissue Complication Probability (NTCP) model and TCP model to determine mathematically a protocol of radiation delivery which would exploit the therapeutic difference between early responding tissues, such as tumours, and late responding tissues. Four protocols were analysed: in Protocol A, a continuous low dose rate was used throughout; in Protocol B a high dose was delivered at the beginning of the fraction, followed by a continuous low dose rate in the middle of the same fraction and another high dose at the end of the fraction; in Protocol C a high dose was given followed by a delay, then a continuous low dose followed by another delay and another high dose at the end of the 
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fraction; in Protocol D multiple acute doses were given, with the first and the last fraction being the largest.   Protocol B with high doses at the beginning and end of treatment had the most sparing of both tumour and normal tissue. The reason for the sparing is that damage inflicted at the beginning and end of treatment has less chance to interact with damage caused by doses from the previous fraction and from the subsequent fraction. Brenner et al concluded that Protocol B had the most potential for general application. The study’s emphasis was, however, based on brachytherapy and other accelerated radiotherapeutic protocols, but not on external beam and conventional protocols.18  Lin et al 2 conducted an in vitro study to test whether the commonly prescribed daily dose of 2 Gy produces the same biological effects when delivered as “partial fractions” of different sequences. In their study, 11 human and animal cell lines were irradiated with 2 Gy divided into two or more partial fractions similar to the delivery sequence used in clinical practice. Lin et al managed to show that when a dose of 2 Gy is delivered in a sequence of two small doses (smaller than 0.5 Gy) followed by large doses (greater than 0.5 Gy), cell survival is significantly (10 to 20 per cent) smaller than when the same dose is delivered in a pattern with large doses (greater than 0.5 Gy) followed by small doses (smaller than 0.5 Gy). These differences were attributed to two mechanisms: (1) 
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low-dose hypersensitivity at doses of below 0.5 Gy; and (2) increased radioresistance at doses of above 0.5 Gy. They concluded that because of these mechanisms, it is possible that the biological effect of 2 Gy delivered clinically may be dependent on the sequence in which the treatment fields are ordered. They suggested a general pattern of sequencing the treatment fields in such a way that the low dose fields (smaller than 0.5 Gy) are treated first, followed by the high dose fields (greater than 0.5 Gy). Their study was, however, limited to IMRT and radiosurgery treatment techniques which use a large number of fields and where treatment fields that deliver doses that are larger than 0.5 Gy per field are applicable.2   Altman et al 19 conducted a modelled study to determine if and how a set of doses could be arranged to maximise or minimise cell kill by using a defined array of dose values and specific fraction duration. The order for the dose values was randomly selected and a surviving fraction of cells for each order was calculated using a Monte Carlo simulation and linear quadratic formalism. The process was repeated for all permutations of dose order (field order) using the same set of input values. Each time, the surviving fraction of cells was calculated and the dose order that generated it was recorded. Ten IMRT treatment plans, using six to nine treatment fields, were used. Altman et al concluded that the temporal pattern of dose delivery can be arranged to maximise cell kill by forming a triangular pattern of dose, with the smallest doses 
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applied during the beginning and end of irradiation, and the largest dose applied in the middle of the fraction. Minimisation of cell kill can also be achieved by forming a V–shaped dose-delivery pattern, with the largest doses applied at the beginning and end of the fraction, and the smallest doses in the middle of the fraction. Their analysis also demonstrated that the difference in cell survival generated by the rearrangement of pattern of applied dose increases with increasing fraction duration and dose per fraction, and decreases with increasing tissue α/β ratios, as illustrated in Table 2.1.19   Table 2.1: A summary of the mean percentage difference values calculated by α/β ratio and fraction duration19 Tissue α/β ratios Fraction Duration (min) Mean difference in cell kill (%)  3333    20 3  30 3.7  40 4.2 10101010    20 0.9  30 1.1  40 1.3 The results of the study by Altman et al were validated in vitro; two cell lines, one with a low α/β ratio (3 Gy) and one with a high α/β ratio (10 Gy), were plated and irradiated with 9 Gy in triangular and V-shaped patterns with a delivery time of 20 minutes each. 
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The triangular and the V-shaped patterns showed a relative cell survival difference of 15.2 per cent to 18.6 per cent when applied to a low α/β ratio cell line (PC-3), as opposed to a 4.5 per cent relative cell survival difference when applied to a high α/β ratio cell line (SQ-20b). These in vitro results, therefore, validated the assertions that the specific pattern of dose application, either triangular or V-shaped, does influence the amount of cell kill.32 “These results imply that the order of the temporal pattern of applied dose could have clinically significant implications, and that methods of optimizing the temporal pattern of dose could be used to directly affect treatment outcome.”19 
 Altman et al ’s observations that, the effects of the pattern of dose delivery were more evident as the α/β ratio decreased led to prostate tumour, which has an α/β ratio in the range of 1 to 3 Gy,33 to be adopted for use in the current study in order to demonstrate any difference in cell kill from conformal radiotherapy. It should be noted that Altman et al ’s study used longer fraction delivery times that are consistent with the times used in IMRT, whereas short treatment times consistent with those used in conformal radiotherapy were simulated in the current study. Another difference between the Altman et al study and the current study is that Altman et al used α/β values of 3 Gy and 10 Gy, while the current study only used low α/β values of 1 Gy, 1.5 Gy and 3 Gy.   
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2.4 Biological motivation for the suggested triangular and V-shaped 
patterns of dose delivery The triangular and V-shaped patterns arise from an analysis of cell kill within a differential time element of dose delivery. From the linear quadratic model, radiation damage has three components: (1) creation of lethal single tract lesions (alpha term in linear quadratic equation); (2) creation of sub-lethal lesions which will interact with sub-lethal lesions that are created later during the same fraction to form lethal lesions (beta term in linear quadratic equation); and (3) creation of sub-lethal lesions which interact with sub-lethal lesions formed during a previous fraction, to form lethal lesions.19 For clarity, these damage types will be referred to in this study as type-1, type-2 and type-3 damage, respectively. Type-1 damage, being single track lesion, is only dependent on the dose per fraction given and does not have a temporal component, while type-2 and type-3 damage each influence temporal effects.19   At the beginning of a fraction, type-2 damage dominates. However, with increasing time in a fraction, the prominence of type-2 damage decreases. This is due to both the repair of sub-lethal damage sites and diminishing opportunity for future radiation damage before the end of the fraction. At the beginning of the fraction there is little or no type-3 damage. The amount of type-3 damage increases with time within a fraction, becoming the dominant form of damage at the end of the fraction. This is because of the increase in sub-lethal damage sites with which other damaged sites can interact. Therefore, the 
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dose given near the beginning of a fraction is less lethal owing to a lack of type-3 cell kill, while the dose given near the end of a fraction results in reduced lethality due to a deficiency in type-2 cell kill. Hence, reduced cell kill is achieved through the concentration of more dose near the ends of a fraction, as is achieved when using a V-shaped pattern of dose delivery. The opposite arrangement (triangular pattern) results in increased cell kill.19, 32  
2.5 Biological modelling of temporal effects Temporal effects relating to radiation therapy are generally analysed in terms of cell survival, using the linear quadratic model.34 The model was originally developed from the perspective of sub-cellular bio-physical events; but, in clinical practice, the model also provides a satisfactory and useful explanation of fractionation and dose rate effects observed at a macroscopic level. The model may be applied to both tumour and normal tissues and is, therefore, particularly useful in evaluating the impact of altered patterns of radiation dose delivery on the overall therapeutic index.34 The linear quadratic (LQ) model exists in various forms, but all forms are based on the assumption that the overall biological effect of radiation is reflected in the surviving fraction of cells.    
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The LQ model expresses cell survival as:   S = exp (-αD – G (t) βD2)       (2.1)  where S is the fraction of cells surviving after a dose per fraction D, and α and β relate to the tissue’s ability to repair radiation damage. The factor G (t) is the dose protraction factor.23 The simple way to conceptualise the LQ model is that the α term corresponds to cell death from radiation damage which is irreparable or lethal, while the β term corresponds to cell death from radiation damage which is repairable or sub-lethal. Cell kill due to radiation thus results from lethal damage or as a result of the interaction between sub-lethal damages to form lethal damage. Clearly, if some time elapses between the first sub-lethal damage and the second sub-lethal damage, there exists a possibility that the first damage may be repaired before interacting with the second one. If the first damage is repaired, the second damage will not create lethal damage. This repair that occurs between the first and second damage is accounted for by the dose protraction factor G (t). This factor theoretically tends to one when the dose rate is very high and repair is negligible during irradiation. The factor G (t) contains the temporal variables of the fractional dose.35   
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The existence of the dose protraction factor in the LQ model lays the foundation for the arguments of the current study that the temporal pattern of dose delivery could influence cell kill through sub-lethal damage repair. The arguments emanate from the model itself.  Other models that use systems of ordinary differential equations to link the formation and repair of double-strand breaks (DSBs) to cell killing have also been proposed. The two lesions kinetic model (TLK) and the repair-misrepair model (RMR) are two outstanding examples of such models. In these models, the phenomenon of DSBs rejoining is modelled using first order (linear) and second order (non-linear) repair mechanisms. Several authors9, 30, 36, 37 have shown that these two models can be used to derive the standard LQ formula when using small doses and dose rates because the LQ model does not give accurate results when used at low doses and dose rates.   The TLK model has been argued to better link the biochemical processing of the DSBs and cell killing than the LPL, RMR and linear quadratic models.36 Although the LPL, RMR and LQ models have been argued by Stewart 38 to be unsatisfactory in linking biochemical processing of DSBs to cell killing, during the test simulations conducted to validate the models in the Virtual Cell (VC) programme, the LPL model yielded results that approximated those observed in vitro, and was thus adopted for use in the current study. The model is discussed in Section 2.5.1. 
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2.5.1 Lethally Potentially Lethal (LPL) Lethally Potentially Lethal (LPL) Lethally Potentially Lethal (LPL) Lethally Potentially Lethal (LPL) modelmodelmodelmodel    The original LPL model assumed two general classes of DNA damage, potentially lethal lesions and lethal lesions. Potentially lethal lesions are not lethal unless they interact with other potentially lethal lesions through pairwise interaction processes. Some potentially lethal lesions are repaired correctly or they are misrepaired in a way that is not lethal to the cell. A lethal lesion, on the other hand, is unrepairable damage that prevents a cell from dividing.36 The most commonly used version of the LPL model assumes that a potentially lethal damage is the same as a DSB, and is represented by the equation: 
������	(	)

�	 = 2
(�)� ∑ −	����� + ���������(�)���� �����(�) (2.2) Where �� (t) is the expected average number of DSBs in a cell at time t, D(t) is the instantaneous absorbed dose rate at time t, Y is the number of base pairs per cell, 
	∑ ���    is the expected number of DSBs initially created by radiation per nucleotide per gray, ���� is the DSB repair probability    and ����    is the DSB-DSB interaction probability.36 
 The LPL model has been criticised for not being able to account for the creation of non-lethal chromosome aberrations such as translocations, and for not modelling complex aberrations explicitly.38 However, the model has been acknowledged to be capable of predicting cell killing accurately even for doses as high as 25-50 Gy. This strength of the 
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LPL model made the model suitable for use in the study where the entire treatment course with doses as high as 66 Gy was modelled.   
2.6 Conclusion For all types of radiation therapy, a biological response is the ultimate goal. If the biological response is affected by temporal modulation, for example via repair mechanisms, this needs to be explicitly considered in treatment designs.   With regard to external beam radiotherapy, three significant time-related factors exist: the daily fraction duration, the duration of each fraction and the spatiotemporal dose-deposition pattern within each fraction. The latter two time scales describe intra-fraction dose effects and can be highly variable within each treatment fraction.   The biological effects of the temporal characteristics of IMRT are still poorly understood. In conformal radiation therapy, these temporal characteristics have neither been discussed nor explored in scientific literature. This might be due to the assumption that sub-lethal damage repair in a single fraction is negligible during the short treatment times used in conformal radiation therapy, compared to the long treatment times used in IMRT. 
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Studies regarding spatiotemporal effects on biological response have primarily been of a theoretical nature and have focused on overall treatment delivery time as a determinant of cell survival. In vitro studies have suggested a general pattern of sequencing the treatment fields in such a way that the low dose fields are treated first, followed by the high dose fields.   The studies also pointed out that variable time intervals between treatment fields in each treatment fraction can result in variable radiation damage. Other mathematically modelled studies18, 19 support the results of in vitro studies. The effects observed during in vitro experiments by Lin et al and Benedict and modelled by Altman et al are attributable to the accelerated repair of radiation-damaged cells, which begins immediately upon irradiation and continues for two to four hours. During this time interval, the repair is initially very fast and non-linear, and then tapers off.3 These dose-time effects have, so far, been observed in vitro and modelled in computational simulations for IMRT treatments. However, if these dose-time effects are applied to conformal radiotherapy techniques, then intra-fraction beam sequencing can be considered to affect treatment outcome.                   
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Chapter 3 

Research Methods 
3.1 Introduction In Chapter 2, the gap in literature regarding the possible radiobiological effect of temporal effects during each treatment fraction, when using conformal radiotherapy techniques, was highlighted. Consequently the study aimed to compare tumour cell radiosensitivity between the different beam sequences: those suggested by other studies, as well as those used in clinical practice. In order to reach the aim of the study, a quantitative research approach, as illustrated in Figure 3.1, was adopted.  

 Figure 3.1: Flow chart of the research steps 

Formulate hypothesis Select research design 
 Select sample  Collect data Analyse data 
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3.2 Research design A research design is a blueprint for conducting the study that maximises control over factors that could interfere with the study’s desired outcome.20 The research design directs the selection of the population, the sampling procedure, methods of measurement and the plan for data collection and analysis.20 This study aimed to compare tumour cell radiosensitivities between three dose-delivery patterns: the triangular, the V-shaped and the conventional pattern for three prostate α/β ratios (i.e. 1 Gy, 1.5 Gy and 3 Gy). Therefore, a factorial experimental design was chosen, with the two factors being the dose-delivery pattern and the α/β ratio.20 Each factor has three levels, thus making it a three-by-three factorial design, as shown in Table 3.1. A factorial experiment allows for the simultaneous application of all possible level combinations of a given number of factors.39 An advantage of this approach is that any significant interactions between the factors at the levels investigated are exposed, which is something that could be missed in an experiment varying one factor at a time.40, 41, 42 Table 3.1: Illustration of the study design 

 αααα////ββββ    ratiosratiosratiosratios    
 1 Gy 1.5 Gy 3 Gy Dose Dose Dose Dose delivery delivery delivery delivery patternspatternspatternspatterns     

Triangular pattern X X X 

V-shaped pattern X X X 

Conventional pattern X X X 
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3.3 Population 
 

 The current study is a modelled study performed using (1) clinical data (beam weighting values, degrees of beam directions) from clinical prostate treatment plans and (2) biological data (prostate tumour cell kinetic parameters) from the literature to perform computational simulations. The population of all prostate 3-D conformal treatment plans, created at the Radiation Oncology Department of Steve Biko Academic Hospital, which fulfilled the inclusion criteria was thus sequentially included in the study until the desired sample size of 45 was reached. 
3.4 Eligibility criteria of the treatment plans 

 The clinical data used was collected from clinical treatment plans which were selected based on: 1) The tumour type, i.e. treatment plans created for prostate tumours;   2) Dose per fraction, i.e. 2 Gy per fraction used in the creation of the treatment plan;   3) The treatment technique, i.e. 3-D conformal treatment technique; and 4) Number of treatment fields, i.e. six treatment fields. The (1) type of tumour and (2) dose per fraction have been identified by Altman et al 19 as the most important of the factors that interact with temporal optimisation of dose, where tumours whose α/β ratios approximate that of late-responding normal tissues (i.e. low α/β ratios) benefit more from this rearrangement than tumours with high α/β ratios; 
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and treatment plans where high doses per fraction, i.e. 3 Gy and above, were used were shown to be more sensitive to the dose-delivery rearrangement in IMRT.19 Prostate tumour volumes planned and  treated with IMRT were thus excluded from the study.  
  

3.5 Sample size By convention, in factorial experiments, sample size is chosen in such a way that the residual (error) degrees of freedom exceed 30.20, 43 In this study, a sample size of 45 patient treatment folders was used, i.e. five patient treatment folders per α/β – dose-delivery pattern combination. Also, due to the fact that three or more variables are being considered in the study, an interaction term was included, giving 36 degrees of freedom for error.  
3.6 Sampling technique The sampling technique used was stratified sequential sampling because only the treatment plans which fulfilled the eligibility criteria, outlined in Section 3.4, were sequentially included in the study until the desired sample size of 45 was reached.  
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3.7 Research instrument    As mentioned in the previous sections, the current study is a modelled study conducted using computer simulations. To aid in the understanding of the specific research instrument, an overview of computer simulations is briefly given.  
 

3.7.13.7.13.7.13.7.1    Overview of coOverview of coOverview of coOverview of computer simulations mputer simulations mputer simulations mputer simulations     Computer simulations use models to imitate real life or to make predictions. To simulate something physical, first a mathematical model is created which represents that physical object.  In order to create a model, a number of input parameters are required. The next task, once a model has been developed, is to execute the model on a computer, using algorithms to give outputs or response variables, as illustrated in Figure 3.2.   

 Figure 3.2: Diagrammatic illustration of a computer simulation 
     Model    X1 

  X2 

  X3 

  Y1 

  Y2 

InputInputInputInput    OutputOutputOutputOutput    
Algorithms 
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3.7.2 Simulation programme used in the study 

 This study was conducted using the Virtual Cell (VC) radiobiology programme Version 2, developed by Dr RD Stewart and his team at the School of Health Sciences, Purdue University. Dr RD Stewart is the Associate Professor and Assistant Head of Health Sciences, as well as the Director of Radiological Health Sciences at Purdue University. He has over 18 years of experience in Monte Carlo radiation transport, and has been a physics councillor and associate editor for the Journal of Radiation Research from 2007 to date.  The simulation programme is an ongoing effort to construct a multi-scale system of models to simulate early events and processes involved in pathogenesis and the treatment of cancer. Although the main biological endpoints of interest in the programme are cell death and neoplastic transformation, the VC programme also provides information regarding the formation and repair of DNA damage and information regarding chromosome aberration yields, the induction of genome instability, cell cycle kinetics and the probability of tumour eradication that follows radiation therapy.44, 45  Features of the programme include: 
• Models (LPL, TLK, RMR) to track the formation and repair of 102 distinct types of DNA damage; 
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• Pathway-specific DNA repair models for single and multiple damaged DNA sites and DSBs; 
• Monte Carlo Damage Simulation (MCDS) and Monte Carlo Excision Repair (MCER) algorithms to generate DNA damage configurations and repair data for both low and high LET radiation; 
• Prediction of LET effects, oxygen effects and cell repopulation effects; 
• Calculations of TCP, normalised iso-effective dose (NID), biologically equivalent dose (BED) and LQ parameters.46, 47  The two Monte Carlo algorithms used by the VC programme, i.e. MCDS and MCER, were validated by comparing their predictions to experimental data for low and high LET radiations. The comparisons suggested that both MCDS and MCER can be used to simulate end points (e.g. cell survival) related to the damage and repair of DNA in bacterial and mammalian cells.45, 46   

3.8 Validity and reliability of the simulation model and parameters In order to ensure validity of the results produced by the simulation programme, and to validate the simulation parameters used, the following measures were taken. A.A.A.A.  
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Surviving fractions for split dose irradiation for low LET radiation were simulated. These simulations were performed over a range of doses, i.e. 2 Gy (1+1 Gy) to 10 Gy (5+5 Gy), separated by the duration of one hour to 15 hours as shown in Figures 3.3 to 3.5. Simulations were performed for cellular damage corresponding to dose-response curves with α/β    ratios of 1 Gy, 1.5 Gy, 3 Gy and 10 Gy.   

 Figure 3.3: A plot of surviving fraction against time for split dose irradiation with an α/β    ratio of 1 Gy 
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 Figure 3.4: A plot of surviving fraction against time for split dose irradiation with an α/β    ratio of 1.5 Gy 

 Figure 3.5: A plot of surviving fraction against time for split dose irradiation with an α/β    ratio of 3 Gy 
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Since the study bases its argument on the repair of sub-lethal damage, recovery ratios of the mentioned α/β    values and dose ranges were also calculated using the equation: 
Recovery	Ratio	(RR) = *(+)

*(,)     (3.1) Where S(t) is cell survival at time (t) between doses, and S(0) is cell survival at time zero between doses. The recovery ratios were found to increase as the dose increased as is evident in Figure 3.6. This is the most important validation given the context of the study. Furthermore, if the simulations are accurate, the relationship between the recovery ratios and the dose per fraction should result in a straight line, as is evident in Figure 3.6. 
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 Figure 3.6: A plot of the log of recovery ratio against two times the dose-squared for three α/β    ratios used in the test simulations 
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The slope of the simulated split dose cell survival curves was calculated by squaring the dose and multiplying it by two, i.e. (2d2) and plotted against the log of recovery ratio.21 To reflect the accuracy of the simulated cell survival curves, the slope should approximate the predicted beta value. Figure 3.6 indicates that, in each case, the slope of each curve closely approximated the beta value for the acute survival curve constructed from the simulations. Also, the recovery ratio increased with the dose as expected. 
 B.B.B.B.  Split dose irradiation simulations and recovery ratio calculations using high LET radiation (80 keV per micron) were performed and estimates of the Mean Inactivation Dose (MID) for the resultant cell survival curves from both low LET and high LET simulated data were calculated (Table 3.2). Table 3.2: Estimates of the MIDs for the three α/β    ratios 

 

Low LET High LET 
  

      

     

 

α/β    = 1 Gy α/β    = 10 Gy 80 keV/micron  
 

(Neutrons) 
 Alpha (/Gy) 0.158 0.315 0.869 
     Beta (/Gy) 0.0766 0.0285 0.0347 
     Mean Inactivation Dose (Gy) 2.39 2.35 1.1 
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 Furthermore, to validate the accuracy of the high LET simulations, Neutron relative biologic effectiveness (RBE) for the two extreme α/β    ratios (i.e. 1 Gy and 9.3 Gy) was expressed in relation to photons: For a 1 Gy α/β    ratio:  
-./ = 0123	4325+462+473	8791	7:		;<=2>90123	4325+462+473	8791	7:	?1@+=739           =	 A.CDE.E            = 2.2	FG For a 9.3 Gy α/β    ratio: 
-./ = 0123	4325+462+473	8791	7:		;<=2>9

0123	4325+462+473	8791	7:	?1@+=739                 =		 A.CHE.E             = 	2.1	FG  These RBE values calculated from the simulated data were consistent with that obtained from in vitro experiments.48, 49   
3.9 Data-collection process  Data collection was performed in three phases, i.e. Phase A, Phase B and Phase C.  
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Phase A: Preparation of input dataPhase A: Preparation of input dataPhase A: Preparation of input dataPhase A: Preparation of input data    
 Step 1: Reviewing the treatment field sequence Patient treatment plans created for prostate tumours, using six treatment fields which fulfil the inclusion criteria, were reviewed by the researcher. For each treatment plan, the treatment beam sequence used to treat the fields at the treatment unit was identified from the treatment folders and recorded. While reviewing the entire sample, it emerged that the most common pattern followed in the treatment delivery of prostate was to treat in a clockwise direction from the right posterior oblique, right lateral, right anterior oblique, left anterior oblique, left lateral to left posterior oblique, as shown in Figure 3.7. This pattern was adopted as the conventional pattern for use in the study.  

 Figure 3.7: Illustration of the conventional pattern used in the study Treating in a counter-clockwise direction, i.e. from the left posterior oblique and ending with the right posterior oblique, was followed in ten per cent of the reviewed patterns. 

 
 
 



Page | 45  

 

Treatments given in a counter-clockwise direction result in the same dose-delivery pattern as when applied in a clockwise direction because the beam weightings of the two posterior oblique fields, the two lateral fields and the two anterior oblique fields are always equal.   Step 2: Reviewing the beam weightings The beam weightings that correspond to each treatment field for each treatment plan were also reviewed. After reviewing the treatment beam weightings for each treatment field and for each treatment plan, only eight different beam weight combinations in cGy, shown in Table 3.3, were identified. That is, the beam weight combinations repeated themselves.  Table 3.3: Different treatment beam weighting combinations in cGy for corresponding beam positions 

 Treatment Treatment Treatment Treatment ffffieldieldieldield    positionspositionspositionspositions    
 No  RPO  RLAT  RAO  LAO  LLAT  LPO 

Beam weigh
ting combina
tions
Beam weigh
ting combina
tions
Beam weigh
ting combina
tions
Beam weigh
ting combina
tions                 

1(n=20)  31  42  32  31  42  31 

             
2(n=11)  35  45  35  30  45  30 

             
3(n=4)  36  37  36  32  37  32 

             
4(n=1)  37  31  37  37  37  31 

             
5(n=2)  40  42  40  35  42  35 

             
6(n=3)  30  40  30  40  30  30 

             
7(n=2)  31  35  34  35  31  34 

             
8(n=2)  31  34  33  34  33  33 
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 * RPO/LPO – Right/Left Posterior Oblique, RLAT/LLAT – Right/Left Lateral, RAO/LAO – Right/Left Anterior Oblique  Step 3: Rearranging the beam sequences to form the experimental triangular and V-shaped patterns of dose delivery Lastly, from the eight commonly used beam weighting combinations the beam weightings of each treatment field were sequentially rearranged to form the triangular and V-shaped patterns for dose delivery for purposes of the study. The rearrangement was conducted as suggested by Altman et al.19 In the triangular pattern, the two highest beams were selected and set to be applied in the middle of the fraction, with the highest field last. The next two highest fields were then selected, with the larger of the two set to be applied after the previous highest dose field. This process was repeated until all fields had been placed.  In rearranging the beam weightings to form the V-shaped pattern for an even number of beams the two lowest dose beams were selected and placed as the middle two fields, with the lowest of the two set to be applied first. The remaining beams were ordered by calculating two “half-pattern weights,” which represent the sums of the doses currently placed in the first half and second half of the fraction. The lowest non-placed beam was 
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set to be applied before or after the half of the plan with the highest current weight. This process was also repeated until all beams had been placed.19 
 Step 4: Creating the input file     In preparation for the simulation process, the researcher created input files to be read by the VC simulation programme, Appendix A. The input files contained data fields for the biophysical parameters, cell repair parameters, damage formation parameters, and cell biological parameters of prostate tumour cells, as well as the exposure set-up and simulation conditions. A detailed description of the simulation parameters and sources used in the input files is provided in Appendix B.  
Phase BPhase BPhase BPhase B: : : : Performance of simulationsPerformance of simulationsPerformance of simulationsPerformance of simulations    The Virtual Cell is a batch-style computer programme that has been written in Fortran 90/95 computer language and does not have a Graphical User Interface (GUI). The simulations were, therefore, performed from the Microsoft Windows command prompt. First, the expected damage configurations were generated using the Monte Carlo Damage Simulation (MCDS) algorithm. The generated damage configurations were then specified in the input file (DSB parameter). The Monte Carlo Excision Repair (MCER) algorithm was invoked to simulate repair, misrepair and aborted excision repair of damage within the entire genome or within a specific region of DNA, as illustrated in Figure 3.8.47, 50   
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 Lastly, the repair data generated by the MCER algorithm was used by the programme to compute damage repair kinetics, mutations, genomic instability, cell killing and neoplastic transformation.  

 Figure 3.8: Illustration of the simulation process47  
Phase C: Output Phase C: Output Phase C: Output Phase C: Output resultsresultsresultsresults        
 The output file created by the simulation programme contains information given in Appendix C. This includes information on single-strand break damage formation and repair, double-strand break damage formation and repair, cell and tissue kinetic parameters, cell survival as a function of dose and dose rate, cell survival corrected for repopulation effects, mutagenesis and induction of enhanced genetic instability, 
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neoplastic transformation as a function of dose and dose rate, and tumour control estimates as a function of dose and dose rate.  
3.10 Ethical considerations  The study did not involve any human participants, which meant that the ethical principles of beneficence, non-maleficence, fidelity, justice and veracity were not applicable.  In order to satisfy the relevant principle of confidentiality, patient identity on all treatment plans was masked. Authorisation was also obtained from the Steve Biko Academic Hospital Chief Executive Officer and Head of the Radiotherapy Department to access the clinical radiotherapy treatment folders. All data will be stored for a period of 15 years to comply with good clinical research practice guidelines.  
3.11 Data analysis  

 MID was used to analyse cell survival data and to pick up differences in radiosensitivities between the three α/β ratios when using the different dose-delivery patterns. The concept of MID was introduced as early as 1972 by Keller and Hugo52, and is to date recommended by the International Commission of Radiation Units and Measurements (ICRU) for use in analysing survival curves of mammalian cells.53 MID is defined as the average dose of the differential survival probability distribution, and is expressed by the equation: 
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J = K S(
)M.																																					(3.2)
O

,
 

 Where S(D) is the survival probability at dose D. The Mean Inactivation Dose (D) thus equals the area under the survival curve plotted on linear scale/coordinates.54 Cell survival fractions (S) as a function of dose (D) were fitted to the LQ equation as loge (S) = - αD – βD2.  The parameters α and β were obtained by regression analysis of the logarithm of S.  In cases where one of the inactivation parameters (α or β) was found to be negative, it was set to zero and the other parameter was re-estimated. The goodness of fit was then verified and the LQ function was then integrated using the 12-point Gauss formula to obtain MID.49   Compared to other methods of representing radiosensitivity (e.g. Do and extrapolation number (n)), MID is preferred because: 
• Significant differences in radiosensitivity between categories emerge when using MID.  
• MID is representative of the whole cell population rather than of the fraction of it.56, 57  MIDs for the entire survival curve for each α/β ratio and for each dose delivery pattern were calculated....     
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Furthermore, the    Kruskal Wallis non-parametric statistical procedure was used to test whether differences in MID between the dose-delivery patterns and between the different α/β ratios was statistically significant. Specific differences were tested for, with appropriate contrasts. Hypothesis testing was carried out at the 0.05 level of significance.  
3.12 Conclusion This chapter outlined the research approach used to fulfil the aim of the study. The study design used to either accept or reject the null hypotheses was outlined. The methods of data collection used and the data-collection instrument were also described in detail. The ethical considerations relevant to the study were also addressed. Lastly, the statistical methods used to analyse the data were discussed. The results of the analysis are presented in Chapter 4. 
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Chapter 4 

Results 

 

4.1 Introduction In this chapter, the results are presented in tabular and narrative form. Additional data that could be used for interpretation of the data is included in Appendix C. 
 

4.2 Description of the sample The sample consisted of 45 treatment plans created for prostate tumours, using 3-D conformal technique, six treatment fields, a dose per fraction of 2 Gy and a dose rate of 200 cGy/minute. Owing to the fact that the specific α/β ratios of the individual patients were not determined, three α/β ratios of prostate tumours were simulated and used in order to cover the applicable range of suggested prostate α/β ratios.33 As mentioned in Section 3.9, of the 45 treatment plans, eight different beam weight combinations were identified.    For purposes of the study, analysis of cell survival among the eight different beam weight combinations was conducted, and the results yielded a non-significant difference with p=0.999. Therefore, only one beam weight combination, i.e. the most employed, was used to compare cell survival between the three dose-delivery patterns, among the three α/β ratios. 
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4.3 Comparison of the Mean Inactivation Dose between dose-delivery 

patterns  MIDs for the three dose-delivery patterns resulted in the same value (Table 4.1). Table 4.1: MIDs for the three dose-delivery patterns     
 

α/β ratios 
 1 Gy 1.5 Gy 3 Gy 

Dose delivery patterns  Triangular pattern 2.48 Gy 2.30 Gy 2.23 Gy V-shaped pattern 2.48 Gy 2.30 Gy 2.23 Gy Conventional pattern 2.48 Gy 2.30 Gy 2.23 Gy 
 An analysis of MIDs revealed a non-significant difference with p=0.5436 between the three dose-delivery patterns.  
4.4 Comparison of the Mean Inactivation Dose between the three α/β    

ratios The MID was observed to change with α/β ratio (Figures 4.1 to 4.3). 
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 Figure 4.1: Cell survival curve for the three dose-delivery patterns at 1 Gy α/β ratio 
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 Figure 4.2: Cell survival curve for the three dose-delivery patterns at 1.5 Gy α/β ratio  
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 Figure 4.3: Cell survival curve for the three dose-delivery patterns at 3 Gy α/β ratio  Using MID, a statistically significant difference with p= 0.0183 was found between the three α/β ratios.  
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4.5 Results in relation to hypotheses    Null hypothesis1 postulated that there is no significant difference in MIDs between the triangular and conventional patterns of dose delivery when applied to prostate tumour cells with 1 Gy, 1.5 Gy and 3 Gy α/β ratios, using conformal radiotherapy treatment techniques. The results show a non-significant difference, with p=0.5436.  Null hypothesis1 is thus accepted.   Null hypothesis2 postulated that there is no significant difference in MID between the triangular and V-shaped patterns of dose delivery when applied to prostate tumour cells with 1 Gy, 1.5 Gy and 3 Gy α/β ratios using conformal radiotherapy treatment techniques. The results indicate that the triangular pattern is not statistically different from the V-shaped pattern, with p=0.5436. Null hypothesis2 is thus accepted.   Null hypothesis3 postulated that there is no significant difference in MID between the V-shaped and conventional patterns of dose delivery when applied to prostate tumour cells with 1 Gy, 1.5 Gy and 3 Gy α/β ratios, using conformal radiotherapy treatment techniques. The results show a non-significant difference with p=0.5436. Null hypothesis3 is, therefore, not rejected. 
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4.6 Conclusion This chapter presented the main results of the study. From the results it is evident that the three patterns of dose delivery do not differ significantly across all three α/β ratios used. A significant difference in MID noted between the α/β ratios indicates that as the α/β increases, i.e. as radiosensitivity increases, MID, which quantifies the radiosensitivity of cells, decreases.  Possible reasons behind these findings are discussed in Chapter 5. 
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Chapter 5 

Discussion 

 

 

5.1 Introduction Chapter 1 presents the research problem and aims of the research, and Chapter 2 provides a review of relevant literature. Chapters 3 and 4 outline the research methods used to reach the purpose of the study, and present the results of the investigation. In this chapter, the results presented in Chapter 4 are interpreted and possible reasons for the findings are discussed. This chapter aims to draw together the research findings and summarise the main interpretations arising from them.  
5.2 Summary of the main findings The results of the study indicate that the biologic effect (expressed in terms of MID in the study) of different beam sequences does not vary significantly with the sequence in which the beams are ordered and treated. The results further indicate that the biologic effect does vary with the tissue type, with most biologic damage (i.e. low MID) observed at higher α/β than at low α/β values.     
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5.3 Analysis of Mean Inactivation across the three dose-delivery patterns The observed non-significant differences in MIDs between the dose-delivery patterns is thought to be mainly attributable to the biological and technical facts discussed in the following sections.   
5.3.1.5.3.1.5.3.1.5.3.1. Treatment times that are shorter than Treatment times that are shorter than Treatment times that are shorter than Treatment times that are shorter than subsubsubsub----lethal lethal lethal lethal damage damage damage damage repair halfrepair halfrepair halfrepair half----times times times times     As mentioned in Section 1.2, in conformal radiation therapy, fraction delivery times normally range between two and five minutes, depending on the number of fields being treated.  According to Wang et al 6, when fraction delivery times are comparable to or longer than the half-time repair of the cells being irradiated, sufficient time is allowed for sub-lethal damage repair to take place and cell killing is decreased. For human tumour cells, half-times for sub-lethal damage repair, T ½, which is the time needed for half the repair to take place, has been estimated to range from a few minutes to several hours.6 More specifically, Steel et al estimated half-time repairs of 0.36 hours (21.6 minutes) to 2.3 hours for mammalian cells.55 For prostate tumour cells, a repair half-time of 16 minutes was determined by Wang et al 6 from clinical data. Similarly, Steel et al 55 determined a repair half-time that ranged from 15 minutes to one hour from split dose experiments.55   However, it has been observed that repair half-times determined from split dose experiments tend to be longer than repair half-times estimated from continuous low 
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dose rate experiments, where repair half-times in the range of six minutes to 54 minutes have been observed.56 In the current study, an analysis of repair half life for surviving fractions for split dose 5 + 5 Gy for tissue with an α/β ratio of 1 Gy was also carried out. The fitted line corresponds to a half-time repair of 12 minutes (Figure 5.1). 
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 Figure 5.1: Surviving fractions of cells exposed to split dose radiation of 5 Gy plus 5 Gy separated with different times    The estimated repair half-times, either from literature or the one determined in the current study, are clearly comparable to treatment delivery times typically used in IMRT but not to the treatment times used in conformal radiotherapy techniques. In the current study, a treatment delivery time of three minutes, as observed in clinical practice, was used to simulate all the dose-delivery patterns. This value is below the determined 
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repair half-time of 12 minutes, hence the observed non-significant difference in cell survival between the three dose-delivery patterns.   If the above argument stands true, this raises the question: when does repair of radiation-induced cellular damage begin after irradiation? According to Lin et al 2, the fast repair component of DNA damage is in the order of minutes. More specifically, the formation of a repair biomarker has been observed in irradiated cells within three minutes. In the current study, interval time of one minute between treatment fields was used in the simulation. This interval time was chosen consistent with the time observed in clinical practice. Clearly, a one-minute interval time is less than the observed three minutes required for the fast repair component to commence.     
5.3.2.5.3.2.5.3.2.5.3.2. Constant Constant Constant Constant hhhhigh igh igh igh ddddose rateose rateose rateose rates used in conformal radiotherapy treatment s used in conformal radiotherapy treatment s used in conformal radiotherapy treatment s used in conformal radiotherapy treatment 

techniquestechniquestechniquestechniques     Another factor that is thought to have contributed to the non-significant cell survival differences between the dose-delivery patterns is the constant high dose rate used in conformal radiotherapy treatment techniques. From clinical practice, dose rates of 200 cGy/minute, i.e. 2 Gy/minute or 120 Gy/hour, were observed to be used. According to the International Atomic Energy Agency (IAEA)57, repair during irradiation is negligible at the high dose rates of 1-5 Gy/min, i.e. 60-300 Gy/hour, practised in external beam 
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therapy and high-dose-rate brachytherapy, but is very significant during the course of the 1.6-150 cGy/min practised in lower-dose-rate brachytherapy57.  In the background to the study, it was stated that the study was undertaken in response to the assertions of the Altman et al study that the V-shaped and triangular patterns of dose delivery can be used to vary tumour cell kill in IMRT and conformal radiotherapy techniques as well. In their study, the authors used IMRT cases, which use variable dose rates ranging from low to high dose rates. This suggests that it can be assumed that the low dose rates used in some treatment fields of an IMRT treatment are the rates responsible for the differences in repair which resulted in the difference between the dose-delivery patterns, as observed in the Altman et al study.   
5.3.3.5.3.3.5.3.3.5.3.3. Size of individual treatment field doses Size of individual treatment field doses Size of individual treatment field doses Size of individual treatment field doses         Lin et al 2 argue that if the number of treatment fields in each 2 Gy fraction is greater than five, i.e. if the dose of individual fields is less than 0.5 Gy, the influence of total fraction delivery time on cell survival becomes small because of low dose hyper-radiosensitivity (HRS). That is, at doses of less than 0.5 Gy per field, the cells are hypersensitive to radiation. This means that they suffer non-repairable damage and the role of cellular repair mechanisms which are determined by the total fraction delivery time is very limited. However, at doses that are greater than 0.5 Gy per field, increased 
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radio resistance (IRR) dominates, rendering the cell more radio resistant because of the activated repair mechanisms.2    In the current study, six treatment fields were used in each treatment fraction, with individual dose fields ranging between 0.3 Gy and 0.4 Gy in each fraction. Therefore, one would assume that, because HRS dominates at doses of less than 0.5 Gy per field, HRS dominated in each treatment fraction in the first two to three fractions, and, during this time, the influence of fraction delivery time on cell survival was insignificant.2 Furthermore, one would be justified in further assuming that in subsequent treatment fractions, i.e. treatment fraction 4 to 33, IRR dominated because the accumulated doses from previous treatment fractions would be larger than 0.5 Gy per treatment field and the induction of IRR would have induced the repair mechanisms. However, with the short treatment times used in the study, insufficient time is allowed for these repair mechanisms to have any significant influence on cell survival; hence, similar MID values across the three dose-delivery patterns were observed.   
5.4. Analysis of Mean Inactivation Dose across the three α/β ratios 

 The observed differences in MIDs between the three α/β ratios indicate that as the α/β ratio increases the MID decreases. This observation is consistent with what is already documented; that tissues with high α/β ratios possess a decreased repair capacity, i.e. 
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low beta value; hence, they appear to be more radiosensitive. Tissues with a low α/β ratio, on the other hand, possess a high beta value, i.e. they have an increased repair capacity; hence, they appear to be radio resistant. The comparison made here between MID value and α/β ratio is done with great caution. The reader is reminded that MID, which is a simple measure of the radiosensitivity of cells (units in Gy), is a concept that is very different from an α/β ratio. The latter is the dose in Gy where the lethal and repairable components of radiation damage make equal contributions to the total level of tissue damage. The α/β ratio is in fact a variable that reflects radiosensitivity, i.e. the α-value divided by a β parameter which reflects the induction of repairable damage.   Although the differences in MID across the three α/β ratios are statistically significant, these differences are less important in clinical practice, where oxygen status and heterogeneity play a role. In the theoretical modelling used in the study, these factors do not influence results.  Besides, the different α/β values for prostate used in the study, which represent intra-patient heterogeneity, have been found by Mooisenko58 to have little effect on TCP.  A closer scrutiny of these differences indicates that as the α/β value increases the difference in MID decreases, i.e. the difference in MID value of 1 Gy and 1.5 Gy α/β is more than the difference in MID values of 1.5 Gy and 3 Gy α/β ratios. This observation is thought to be due to a decrease in repair capacity as the α/β values increase. 
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5.5. Conclusion The chapter outlined the possible reasons for the observed insignificant difference in MID across the three dose-delivery patterns, i.e. short fraction duration time used in conformal radiotherapy techniques, constant high dose rate used and the small size of individual dose fields used. The statistically significant differences in MID across the three α/β values used are not expected to have any clinical relevance.     
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Chapter 6 

Conclusions and Recommendations 
 

6.1 Introduction  In this chapter, the conclusions, as well as the relevance of the findings of the study, in terms of the contribution to scientific knowledge and applied practice, are presented. The interpretations of the results, as discussed in the previous chapter, are clarified and the merit of the research is critically appraised.  In essence, the conclusions to the research question and hypotheses postulated in Chapter 1 are presented. Implications of the research results for clinical practice and recommendations for further research are also presented. 
 

6.2. Main conclusions The study determined that the triangular and V-shaped patterns of dose delivery do not result in a different biological effect when applied to 3-D conformal treatment techniques. The current study further compared these recommended dose-delivery patterns to the conventional patterns used at the Radiation Oncology Department of Steve Biko Academic Hospital. The conventional pattern resulted in a MID value that is comparable to that of the V-shaped and the triangular pattern. This was because the 
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fraction treatment times, constant high dose rates and individual dose fields used do not favour the differential sub-lethal damage repair.  Although only one beam weighting combination was used to perform this theoretical modelling, the results can be generalised to all the different beam weighting combinations used in clinical practice because, as shown in Table 3.3, a very small difference exists between these individual dose fields. Everything considered, this small difference is not expected to result in a noticeable difference in biologic effect.  A statistical analysis of cell survival between these different beam weight combinations further confirmed this non-significant difference.   Also, it should be acknowledged that in clinical practice different conventional patterns may exist. Figure 6.1 shows the different conventional patterns used in the research setting. These different conventional patterns were also statistically confirmed to have non-significant differences in biologic effect.   
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  Figure 6.1: Diagrammatic presentation of the conventional patterns used in clinical practice  Furthermore, the results of the study can be generalised to tumour types with high α/β ratios as well. This generalisation is based on the fact that tumours with high α/β ratios possess a low repair capacity for repairing radiation damage. If the difference in biologic effect between the dose-delivery patterns is mainly due to sub-lethal damage repair, 
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clearly this difference is not expected to be evident in the high α/β ratio tumours because of the low sub-lethal damage repair capacity.  
6.3 Implications for clinical practice For conventional conformal radiotherapy treatment techniques, the current practice of sequencing treatment beams does not need to be changed. For IMRT, the sequencing of beams in a triangular and V-shaped pattern to enhance tumour cell kill in tissue types with low α/β ratios should be considered. 
6.4. Evaluation of the research  In experimental studies internal validity helps to determine cause and effect relationships, and to conclude whether the changes observed in the dependent variable are caused by changes in the independent variable. External validity help determine whether the study results can be generalised to other groups or settings. For the current study, internal and external validity is evaluated in section 6.4.2 and 6.4.2 
6.4.16.4.16.4.16.4.1    Threats to internal validityThreats to internal validityThreats to internal validityThreats to internal validity    In experimental designs, internal validity of the research process is essential to allow the researcher to draw accurate conclusions regarding cause and effect from the yielded data. To maximise internal validity, the researcher controlled extraneous variables so that these variables could be ruled out as an explanation for any effect 
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observed. A standardised set of procedures was followed during all simulations for each of the dose-delivery patterns. All simulation parameters (i.e. prostate cell kinetics parameters, radiation exposure set-up scenario and simulation conditions) were kept the same across the dose-delivery patterns. The fact that the elements were used as their own control helped to eliminate assignment bias.   The sample size was large enough to address variations caused by experimental errors. In the current study, experimental errors may partially occur due to the probabilistic nature of radiation interaction. That is, even irradiation with the same dose, using the same geometric parameters, does not mean that the number of cells with which the radiation interacts will be the same each time. Even if the given numbers of cells are 
“hit” with radiation, the radiation does not necessarily interact with the DNA to cause critical damage. Furthermore, cell survival over the entire treatment course was generated to take into account type-3 damage, i.e. sub-lethal damage that interacts with sub-lethal damage formed previously in the same fraction to form lethal damage. Therefore, the results presented are a reflection of what happens in clinical practice.   The researcher faced some challenges in finding the radiobiology simulation programme as most simulation programmes are focused on simulating the transportation of radiation particles. Among others, the programmes that were initially 
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recommended by medical physicists for use in the study included the Monte Carlo N-Particle (MCNP) transport code and the Geant 4 DNA. The Geant 4 DNA was better suited for the study than the MCNP, but was still in its early development stages. As a result of further enquiries, the Virtual Cell Radiobiology programme was acquired from Dr RD Stewart at the Purdue University in America and was used in the study. Although the programme used in the study has been validated and used in other studies, it was the researcher’s first encounter with the programme. To counter this problem, as described in Chapter 3, test simulations to select the most valid simulation model for the study and to validate the results of the simulations were conducted under the supervision of an experienced radiobiologist.   With regard to the research instrument, the MCDS damage generation algorithm used in the simulation provides a simple and fast algorithm to simulate formation of single- and double-damaged DNA sites, including various classes of single strand breaks          (SSBs) and DSBs. Although the algorithm successfully reproduces many of the small-scale damage-clustering effects predicted by track structure codes, the algorithm provides no information regarding where the lesions are located within the DNA of a cell. The algorithm also has a lower dose limit. To give meaningful results, the algorithm requires that DNA segment length (nsegD) be much larger than the minimum length of undamaged DNA between neighbouring elementary damages (Nmin). Dose (D) should 
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also be much larger than the ratio Nmin/nseg.  The algorithm is, however, expected to be accurate for doses as low as ~1 cGy. MCDS also does not provide any information on the yield of radiation-induced apurinic / apyrimidinic (AP) sites and this type of damage is not considered in the results of the study.48, 51   Within the MCER model, errors in DNA synthesis are assumed to yield single-base substitutions. Because of this model simplification, base substitutions cannot be distinguished from mutations or small deletions. Another limitation of the instrument is that the LPL model used in the study does not explicitly account for cell-cycle and other proliferation-related phenomena that are relevant to the analysis of some radiobiological experiments.36, 37   The analysis performed in this study provides an understanding of the biological effect of different dose-delivery patterns for the entire treatment course. There are, however, several caveats that require discussion: 
• First, the treatment set-up is highly simplified. It is assumed that the duration of beams –on segments is equal and that the duration of moving the irradiator from one beam to the other is also equal. 
• Second, the biological model, although commonly used for many in vitro and in vivo biologic processes, is quite simplified. Although some physical factors and 
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biological factors that determine the response of cells to radiation have been incorporated in the simulation model, e.g. LET, dose and repopulation effects and repair, some biological factors have been ignored, e.g. re-oxygenation, the position of the cell in the cell cycle, the rate of proliferation and the extent of differentiation.19  Although clinical data, as well as biological data, was used in the study, the results are based on mathematical predictions and may need to be validated clinically. Further studies, using in vitro and in vivo methods, are required to test the veracity of these results. Radiobiological models used in the study are useful in estimating the biological effects of radiation. However, their results should not be used to replace clinical judgement, but rather to supplement it.58  The LPL model used accounts for only one type of DNA damage. This is a limitation in that, given the random nature of radiation interaction with cells; even if the DNA in a cell is damaged the damage might be sub-lethal and not contribute to the observed endpoint, which is cell kill.  
6.4.2 Threats to external validity As mentioned in Chapter 5, the results of the conventional pattern used in the study can be generalised to other conventional patterns used in other clinical settings as different conventional patterns exist. During data collection, the inclusion of the conventional 
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pattern in the study was seen as a weakness in that several conventional patterns exist in a single clinical setting, as shown in Figure 6.1, as well as in different clinical settings, i.e. the conventional pattern cannot be standardised. However, the results of the triangular and V-shaped and conventional patterns used in the study indicate a similar biologic effect from all three dose-delivery patterns.  It should be noted, however, that even though only prostate tumour cells were simulated and not normal tissue cells, the results can also be generalised to other tumour types with low α/β ratios and normal tissues with low α/β ratios because their radiosensitivity parameters are similar.18, 19 Also, even though three prostate α/β ratios were used in the study to cover the suggested range of prostate α/β given in the literature, caution should be applied when the results of the study are generalised to all prostate tumours because evidence confirming low α/β values for prostate tumours is inconclusive.59  
6.5 Recommendations  
6.5.1 Research As mentioned in Chapter 1, the biological effect of temporal factors during treatments has long been ignored and is recently coming to the fore. Therefore, research on this aspect of treatment still has to be undertaken. The results of the current study indicate that further research on conformal treatment techniques will be counterproductive. However, further research on the biologic effect of different dose-delivery patterns in 
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treatment techniques such as IMRT and cyberknife treatments may prove to be valuable.2   Research to determine the possibility of implementing these patterns of dose delivery to high-dose-rate brachytherapy may also prove to be a trivial endeavour for the radiologic reasons outlined in Section 5.3.2.  
6.5.2.6.5.2.6.5.2.6.5.2.    Beam sequencingBeam sequencingBeam sequencingBeam sequencing    protocol protocol protocol protocol     The study provides evidence that it is unreasonable to change the current practice of sequencing multiple treatment beams in conformal treatment techniques because the benefit of the enhanced biologic effect is not evident. 
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6.6 Conclusions The study determined that the radiosensitivity of low α/β ratio tumours was not altered by manipulating the sequence in which the fields are ordered during treatment. Although these results do not have any implications for the current practice, the results of Altman et al ’s IMRT study19 provide a template of how dose-delivery patterns could be used to aid treatment outcome positively, through either increasing cell kill in tumour tissue or enhancing normal tissue sparing. As a movement is being made internationally towards patient-specified treatment, including biological parameters and influences, further studies on temporal optimisation techniques are not only necessary but a requirement for treatment techniques with longer treatment times. 
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MODEL: DRM=LPL          !Model Specification 

CELL: DNA=5.667D+09 NC=46 

IRAD: DSB=30 FL=0.1 LET=0.75 OER=3            !Radiation damage to DNA 

CLRP: RHT=2 ETA=3.0E-04  GAM=0.25  LAM=0.35 

CCKM: TCC=48 TPOT=28 GF=0.4 N0=1000000 KAP=1.0D+38 VOL=1 

RBM: KX=6.0E+06 FMAX=1   !Analysis of PFGE data 

SOLVER: DBLV=0 ETOL= 1.0E-09 MXSS=999999 HMAX=24 

SIMCON: FSDX=1 TSAX=5 TCUT=1 FRDL=0.5 RCUT=1.09E-09  

XBRT:TD4F=2 NTD=33 FDT=3 ADR=120 WDO= Y   

DFDM:NBD=6 RBI=BI1 TTO= 1  

BI1=  1.1 1.4 1.1 1.1 1.4 1.1 
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A. A. A. A.     Biophysical parametersBiophysical parametersBiophysical parametersBiophysical parameters 1.1.1.1. MODEL (Model parameters)MODEL (Model parameters)MODEL (Model parameters)MODEL (Model parameters)    a) CKM = QECK   Cell Kinetics Model (CKM) used for the simulation was the Quasi Exponential Cell Kinetics Model(QECK).This model is at present the only model that is implemented for Virtual cell simulations.45  b) DRM (Damage Repair Model) = LPL 2.2.2.2. CELL (Cell parameters)CELL (Cell parameters)CELL (Cell parameters)CELL (Cell parameters)    c) DNA = 5.667D+09 base pairs  DNA content of the cell in G0 and G1 phase is estimated at 5.667D+09.45 d) NC = 46 The number of chromosomes (NC) in a cell .45 The cell DNA content and chromosome number do not have an impact on surviving fraction quantities or the probability of neoplastic transformation.   3.3.3.3. CLRP (Cell Repair CLRP (Cell Repair CLRP (Cell Repair CLRP (Cell Repair Parameters)Parameters)Parameters)Parameters)    e) ETA = 2.5E-04 h -1  ETA parameter specifies the pair-wise damage interaction rate per hour. Pair-wise damage interaction is also known as binary mis-repair and always produces a mutation. Sachs et al argued that almost a quarter i.e. 
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25% of the chromosome aberration formed are lethal for simulations in the study; ETA was set to 3.0E-04 for an α/β ratio of 1 Gy, 2.5E-04 for an α/β ratio of 1.5 Gy , and 1.0E-04 for an α/β ratio of 3 Gy.30 f) RHT = 2 hours Repair Half Time (RHT) parameter specifies half time for DSB repair. Repair half time of 2 hours for double strand breaks was used.62 g) GAM = 0.25 GAM parameter determines the fraction of lethal DSB rejoined through the pair-wise interaction process. Sachs et al estimates that about 25% (0.25) of chromosome aberrations formed through pair-wise interaction process are lethal. GAM was thus set to 0.25.30 h) LAM = 0.35 LAM parameter sets the expected number of repair attempts per unit time, i.e DSB rejoining rate. Typically repair rates are on the order of 0.15 per hour to 2.77 per hour.45 In the study LAM was set at 0.35 and kept constant. 4.4.4.4. IRAD IRAD IRAD IRAD (Damage formation parameters)Damage formation parameters)Damage formation parameters)Damage formation parameters) a) DSB (Double Strand Break)= 40 Gy cell -1 
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DSB parameter specifies the number of double strand breaks expected per unit dose of ionizing radiation .DSB was set to 30 Gy cell -1 for the 1 Gy and 1.5 Gy α/β ratios and  40 Gy cell -1 for an α/β ratio of 3 Gy.42 b) FL (Fatal Lesions)= 0.1.  FL parameter specifies the expected number of fatal lesions produced directly by radiation. FL of 0.1 was adopted for use in the study. 42,45 c) LET Linear Energy Transfer) = 0.75 X-rays are low LET radiation, hence an LET of 0.75 was used  d) OER (Oxygen Enhancement Ratio) = 3 OER is the enhancement of therapeutic or detrimental effect of ionizing radiation due to the presence of oxygen. Mammalian cells have been observed to be 2-3 times more sensitive to radiation in the presence of oxygen than in the absence of oxygen.21 5.5.5.5.             CCKM (CCKM (CCKM (CCKM (Cell Biological ParametersCell Biological ParametersCell Biological ParametersCell Biological Parameters))))  a) TCC = 48 hours.  Cell birth rate (TCC), specifies the average time for a cell to complete mitosis in hours (h).45, 63  b) Tpot = 28 days.  
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Potential doubling time (Tpot) specifies the average time for the cell population to double in size. For the prostate cells used in the simulation, Tpot = 28 days was used.45  c) GF = 0.25.Cell growth fraction (GF) specifies the fraction of the cell population that is actively dividing. When GF = 0 all cells are non-diving (quiescent) and the size of the cell population remains constant. Growth fraction must be set to a value greater than zero to include repopulation effects in Virtual cell calculations.45  d)  N0 =1.0E+06(1million). The initial number of cells (N0) specifies the expected number of cells at the start of simulation (i.e. t =0).  e) KAP = 1.0E+38. Peak cell density (KAP) specifies the average cell density, measured in cells per cm3.                    f)             VOL = 1. Tissue region of interest (VOL) specifies the tissue region of interest, measured in cm3.  
BBBB....  Exposure Set upExposure Set upExposure Set upExposure Set up ScenarioScenarioScenarioScenario      a) XBRT= External Beam Radiation Therapy. b) TD4F = 2. TD4F parameter specifies the dose per fraction. c) ADR = 120. ADR parameter specifies the absorbed dose rate, in Gy per hour. 
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d) NTD = 33 NTD sets the total number of treatment days. In conformal radiotherapy treatment of prostate tumours, 33 treatment fractions are given. e)  FDT = 3 FDT parameter sets the total time to deliver each fractional dose. From clinical practice, a time of 3 minutes was observed. f)              WDO = Y.  WDO sets a flag to indicate whether the treatment fractions are delivered over the weekend. WDO =Y means are delivered only during weekdays.42 g) NBD = 6.  NBD specifies the number of beams used to deliver each fraction. h)  RBI = BI 1, BI 2 and BI 3 for the three different dose delivery patterns. RBI specifies the relative beam intensity.  i) TTO = 1.  TTO specifies the total time needed to move irradiator from one beam configuration to another. In practice, it has been observed that it takes approximately one minute to move the irradiator from one treatment field to the other treatment field.  
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C.C.C.C. Simulation conditions and Solver controlSimulation conditions and Solver controlSimulation conditions and Solver controlSimulation conditions and Solver control   1.1.1.1. SOLVERSOLVERSOLVERSOLVER    a) DBLV = 0.  DBLV specifies the debug level. Available debug level are 0 (minimal debug information), 1 (intermediate debug information) and 2 (maximum debug information).A debug level of 0 is preferred to reduce CPU time required to perform simulation.45 b) ETOL = 10 -09.  ETOL parameter specifies the error tolerance. Error tolerances in the range of 10-7 and 10-12 often yields good results.45 c) MXSS = 99999.  MXSS specifies the maximum number of sub-steps allowed in ISML routine. Large values are recommended because the simulation may terminate with a fatal error if MXSS is set to a small value.45 d) HMAX = 24 hours.  HMAX specifies the maximum step size allowed in the ISML routine. Values in the range of 1 to 24 Hours can be used; value of 24 hours is recommended.45     
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2.2.2.2. SIMCOSIMCOSIMCOSIMCONNNN    a) ACUT = 1.09E-09.  ACUT parameter terminates the simulation when the amount of residual (un-repaired) damage is less than the specified value. This parameter provides a convenient way to end the simulation as soon as all of the initial radiation damage is repaired, mis-repaired or fixed. 45  b) FRDL = 0. FRDL parameter specifies the fraction of residual damage at the end of the simulation that is treated as lethal. FRDL of 0 means all residual damage is non-lethal.  c) FSDX = 1. FSDX specifies the fractional time step size taken during exposure. FSDX = 0.01 is used to observe cell and damage repair kinetics during radiation exposure. FSDX = 1 is used to speed up calculations, no cell or damage repair kinetics are output during radiation exposure. 45  d) TSAX = 8.  TSAX parameter specifies the time step size after exposure. Small values are used when additional information on cell and damage rejoining kinetics is required. Large values are used to reduce simulation times in long radiobiological simulations. 45 
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e)  TCUT = 1.  TCUT parameter specifies the time allowed for repair after exposure, and is measured in hours. A TCUT = 1 h will terminate the simulation one hour after the exposure ends regardless of the duration of exposure. 45 f) TMAX = 1000.  TMAX specifies the maximum duration of simulation, measured in hours. The simulation will terminate if the simulation exceeds the specified hours. TMAX does not control the amount of CPU time used to perform a simulation. 45 g) NTSP = 2. NSTP specifies the maximum number of allowed time steps after radiation exposure. Duration of simulation ends when the elapsed time after irradiation is greater than or equal to NSTP * TSAX.45    
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VC 2.00A (beta) 22-JAN-2005                             28-AUG-2012 10:41:43 AM 

by RD Stewart (trebor@purdue.edu) 

 

PROGRAM FILE INPUT/OUTPUT AND RUN-TIME OPTIONS: 

==================================================================================

=== 

   CMD: vc 

   FNI: tria4.inp 

   FNO: tria4.out 

  RADX: tria4.radx (1 exposures) 

------------------------------------------------------------------------------------- 

 

LQ TABLE: Approximate LQ parameters derived from the LPL model (1 kind of DSB) 

and 2 kinds of other singly or multiply damage DNA site (other lethal mutations). 

==================================================================================

= 

                                 ********* LETHAL MUTATIONS ********* 

                      Lethal       Other       Double Strand Breaks        All 

                      damage      lesions       Simple      Complex       damage 

      ALPHA (1/Gy): 1.0000E-01 + 0.0000E+00 + 0.0000E+00 + 0.0000E+00 = 1.0000E-01 

     BETA (1/Gy^2):     n/a      0.0000E+00 + 9.6429E-02 + 0.0000E+00 = 9.6429E-02 

   ALPHA/BETA (Gy): 1.0370E+00 + 0.0000E+00 + 0.0000E+00 + 0.0000E+00 = 1.0370E+00 

----------------------------------------------------------------------------------- 

Equations relating LQ parameters to kinetic-model parameters can be found in 

Guerrero M,Stewart RD, Wang JZ, Li XA. Equivalence of the linear-quadratic and 

two-lesion kinetic models. PMB 47(17):3197-209 (2002). 

 

 

 
 
 



DFAR TABLE 1. Formation of DNA damage by ionizing radiation and endogenous processes. 

Summary table is based on 1 kind of DSB (LPL or RMR model) and 2  other kinds of singly 

or multiply damage DNA site.  Oxygen enhancement factor (OEF) = 1.0000. 

==================================================================================

=== 

Effective diameter cell nucleus (um) = 5.0000 

G0/G1 DNA CONTENT: 5667.000 Mbp/cell = 3.482938E+12 Da/cell 

NOTE: 1 bp = 614.6 Da (amu) = 1.0205E-09 pg 

 

                             --------- ENDOGENOUS DAMAGE -----------   RESIDUAL 

                              per (h-Da)  per (h-Mbp)   per (h-cell)  (per cell) 

                       SDS =  0.0000E+00   0.0000E+00   0.0000E+00    0.0000E+00 

                       DSB =  0.0000E+00   0.0000E+00   0.0000E+00    0.0000E+00 

                             ---------------------------------------  ---------- 

        Total (endogenous) =  0.0000E+00   0.0000E+00   0.0000E+00    0.0000E+00 

 

                            ---------- RADIATION DAMAGE ----------- 

                             per (Gy-Da) per (Gy-Mbp) per (Gy-cell) 

                      SSB =  2.0287E-10   1.2469E-01   7.0659E+02     ( 32.5660%) 

                    Other =  4.2008E-10   2.5818E-01   1.4631E+03     ( 67.4340%) 

                            ---------------------------------------    ---------- 

      Total (ssb + other) =  6.2296E-10   3.8287E-01   2.1697E+03     (100.0000%) 

 

               Prompt DSB =  8.6134E-12   5.2938E-03   3.0000E+01     (100.0000%) 

            Enzymatic DSB =  0.0000E+00   0.0000E+00   0.0000E+00     (  0.0000%) 

                            ---------------------------------------    ---------- 

                Total DSB =  8.6134E-12   5.2938E-03   3.0000E+01     (100.0000%) 

 

 
 
 



      Unrepairable damage =  2.8711E-14   1.7646E-05   1.0000E-01 (  0.0045% total) 

        Repairable damage =  6.3157E-10   3.8816E-01   2.1997E+03 ( 99.9955% total) 

 Total (all damage types) =  6.3160E-10   3.8818E-01   2.1998E+03 (100.0000% total) 

 

 

DISTRIBUTION OF DNA DAMAGE (LET = 0.750 keV/um, Z1B = 6.120 mGy): 

 

                                  ------ PROMPT DSB (FCB=0.00000) ------ 

                                     Simple      Complex       Total 

                   DSB per cell = 3.00000E+01  0.00000E+00  3.00000E+01 

                  DSB per track = 1.83596E-01  0.00000E+00  1.83596E-01 

   Over-dispersion factor (ODF) = 0.00000E+00  2.06545E-01  2.06545E-01 

 

                                  ---- ENZYMATIC DSB (FCB=0.00000) ----- 

                                     Simple      Complex       Total 

                   DSB per cell = 0.00000E+00  0.00000E+00  0.00000E+00 

                  DSB per track = 0.00000E+00  0.00000E+00  0.00000E+00 

      Ratio enzymatic to prompt = 0.00000E+00  0.00000E+00  0.00000E+00 

------------------------------------------------------------------------------------- 

NOTE: OTHER = individual base damages and multiply base damaged sites. Residual damage 

is the number of lesions expected per cell a long time after irradiation of the cells, 

i.e., (residual damage)~=(formation rate)/lamda. 

 

 

DFAR TABLE 2. Repair properties (rate and accuracy) for single strand breaks (SSBs) 

and singly and multiply base damaged sites (nsb=1, nbd=1, nsl=2). 

==================================================================================

=== 

 
 
 



 

PATHWAY-SPECIFIC REPAIR DATA (1 repair cycle): 

 

                                         - REPAIR HALF-TIME (RHT)-   -- LAMDA --- 

                                           (minute)       (hour)       (1/hour) 

                        Default (SLRM):   5.0000E+00    8.3333E-02    8.3178E+00 

                Short patch BER (SPER):   1.5000E+01    2.5000E-01    2.7726E+00 

                 Long patch BER (LPER):   1.5000E+01    2.5000E-01    2.7726E+00 

      Nucleotide excision repair (NER):   1.5000E+01    2.5000E-01    2.7726E+00 

                                         ------y--------------------------------- 

                 Effective (BER + NER):   5.0000E+00    8.3333E-02    8.3178E+00 

 

 

SPECTRUM-AVERAGED REPAIR DATA: 

                                         ----- PROBABILITY PER REPAIR EVENT ----- 

                                             SSB          OTHER          ALL 

           Point mutation lethal (PHI):   0.0000E+00    0.0000E+00    0.0000E+00 

       Misrepaired and lethal (PHI*PM):   0.0000E+00    0.0000E+00    0.0000E+00 

 Misrepaired and non-lethal (1-PHI)*PM:   1.0000E-09    1.0000E-09    1.0000E-09 

                                          ----------    ----------    ---------- 

             Total point mutation (PM):   1.0000E-09    1.0000E-09    1.0000E-09 

 

            Enzymatic DSB (FCB=0.0000):      SSB          OTHER          ALL 

                                Simple:   0.0000E+00    0.0000E+00    0.0000E+00 

                               Complex:   0.0000E+00    0.0000E+00    0.0000E+00 

                                          ----------    ----------    ---------- 

                            Total (PB):   0.0000E+00    0.0000E+00    0.0000E+00 

 
 
 



 

           Correct repair (A0=1-PM-PB):   1.0000E+00    1.0000E+00    1.0000E+00 

                                         ---------------------------------------- 

                      Total (A0+PM+PB):   1.0000E+00    1.0000E+00    1.0000E+00 

 

                                         ------- NUMBER OF REPAIR CYCLES -------- 

                                             SSB          OTHER          ALL 

                Short patch BER (SPER):   1.0000E+00    1.0000E+00    1.0000E+00 

                 Long patch BER (LPER):   1.0000E+00    1.0000E+00    1.0000E+00 

      Nucleotide excision repair (NER):   1.0000E+00    1.0000E+00    1.0000E+00 

                                         ---------------------------------------- 

                 Effective (BER + NER):   1.0000E+00    1.0000E+00    1.0000E+00 

 

                                         ------ REPAIR HALF-TIME (minutes) ------ 

                                             SSB          OTHER          ALL 

                Short patch BER (SPER):   1.5000E+01    1.5000E+01    1.5000E+01 

                 Long patch BER (LPER):   1.5000E+01    1.5000E+01    1.5000E+01 

      Nucleotide excision repair (NER):   1.5000E+01    1.5000E+01    1.5000E+01 

                                         ---------------------------------------- 

                 Effective (BER + NER):   5.0000E+00    5.0000E+00    5.0000E+00 

------------------------------------------------------------------------------------- 

NOTE: Repair data for the NER pathway includes LPER repair data for all categories 

of lesion that cannot be completed removed by NER. 

 

 

DFAR TABLE 3. Double strand break (DSB) repair properties (LPL = 1 kind of DSB, 1 lethal). 

==================================================================================

==== 

 
 
 



1ST ORDER DSB REJOINING KINETICS: 

                                       -- PROBABILITY OF CORRECT REPAIR (A0) -- 

                                          SIMPLE       COMPLEX         AVG. 

               Correct repair (NHEJ):   0.0000E+00    0.0000E+00    0.0000E+00 

               Correct repair (HREC):   1.0000E+00    1.0000E+00    1.0000E+00 

                                        ----------    ----------    ---------- 

                  Prompt (NHEJ+HREC):   0.0000E+00    0.0000E+00    0.0000E+00 

                           Enzymatic:   0.0000E+00    0.0000E+00 

 

                                       ------------- PROMPT DSB --------------- 

             Incorrect repair (1-A0):   1.0000E+00    1.0000E+00    1.0000E+00 

            Probability lethal (PHI):   0.0000E+00    0.0000E+00    0.0000E+00 

      Probability non-lethal (1-PHI):   1.0000E+00    1.0000E+00    1.0000E+00 

                          (1-A0)*PHI:   0.0000E+00    0.0000E+00    0.0000E+00 

                      (1-A0)*(1-PHI):   1.0000E+00    1.0000E+00    1.0000E+00 

 

                                       ------ REPAIR HALF-TIME (hour) --------- 

                                          SIMPLE       COMPLEX         ALL 

   Non-homologous end-joining (NHEJ):   1.9804E+00    1.9804E+00    1.9804E+00 

     Homologous recombination (HREC):   0.0000E+00    0.0000E+00    0.0000E+00 

                                       ---------------------------------------- 

             Effective (NHEJ + HREC):   1.9804E+00    1.9804E+00    1.9804E+00 

                           Enzymatic:   1.9804E+00    1.9804E+00 

 

                                       ------------ LAMDA (1/hour) ------------ 

                                          SIMPLE       COMPLEX         ALL 

                      Default (CLRP):   3.5000E-01    3.5000E-01    3.5000E-01 

 
 
 



   Non-homologous end-joining (NHEJ):   3.5000E-01    3.5000E-01    3.5000E-01 

     Homologous recombination (HREC):   0.0000E+00    0.0000E+00    0.0000E+00 

                                       ---------------------------------------- 

             Effective (NHEJ + HREC):   3.5000E-01    3.5000E-01    3.5000E-01 

                           Enzymatic:   3.5000E-01    3.5000E-01 

 

 

FIRST- AND SECOND-ORDER DSB REJOINING KINETICS: 

 

                         ------ PROMPT DSB ------  ---- ENZYMATIC DSB ----- 

                            Simple      Complex      Simple       Complex 

             LAMDA/ETA = 1.16667E+03  1.16667E+03  1.16667E+03  1.16667E+03 

   LAMDA/[ETA*(1+ODF)] = 1.16667E+03  9.66948E+02  1.16667E+03  1.16667E+03 

             ETA/LAMDA = 8.57143E-04  8.57143E-04  8.57143E-04  8.57143E-04 

         ODF*ETA/LAMDA = 0.00000E+00  1.77039E-04  0.00000E+00  0.00000E+00 

 

      DSB-DSB interaction rate (ETA or BMR): 3.00000E-04 

                   Probability lethal (GAM): 2.50000E-01 

             Probability non-lethal (1-GAM): 7.50000E-01 (1/h) 

-------------------------------------------------------------------------------------- 

NOTE: The importance of over-dispersion effects increases as ODF*ETA/LAMDA increases. 

 

QECK TABLE 1: Cell and tissue kinetic parameters. 

================================================================================ 

    Duration of cell cycle (TCC): 48.00000 h 

  Potential doubling time (Tpot): 672.00000 h (= 28.000 days) 

            Cell birth rate (AX): 3.4657E-01 cell/day (= LOG(2)/TCC) 

 
 
 



            Cell death rate (BX): 3.2182E-01 cell/day [=AX-LOG(2)/TPOT] 

     Net cell birth rate (AX-BX): 2.4755E-02 cell/day 

 

 Initial Number of Cells: 

                    non-dividing: 6.00000E+05 ( 60.000% = 1-GF) 

                        dividing: 4.00000E+05 ( 40.000% = GF) 

                           total: 1.00000E+06 (100.000% total) 

 

Life Support Capacity of System: 

          Initial system capacity utilization: 0.000000% (=F0) 

               Peak cell density (cells/cm^3): 1.00000E+38 (=KAP) 

                         Tissue volume (cm^3): 1.00000E+00 (=VOL) 

              Maximum number of cells (cells): 1.00000E+38 (=KAP*VOL) 

-------------------------------------------------------------------------------- 

 
 
 


