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ABSTRACT 

Cervical cancer is the fourth most common cancer worldwide, with an estimated 604,000 cases 

identified in 2020. The standard care for locally advanced cervical cancers is concurrent 

chemotherapy and external beam radiotherapy (EBRT) with a brachytherapy (BT) boost. Current 

guidelines recommend that the combined EBRT and BT doses be prescribed in units of 

radiobiological dose, which is calculated using radiobiological parameters α/β and T1/2. Though 

dose calculations are performed with conventional values of α/β (10 Gy for tumor and 3 Gy for 

organs at risk) and T1/2 (1.5 hours for both), a wide range of values have been reported in 

literature and their potential implications on current dose prescriptions have not been thoroughly 

investigated. 

 

This work presents the potential uncertainty that arises from the current body of reported 

parameter values and highlights pitfalls in estimating the clinical equivalency between two types 

of BT boosts: high-dose-rate (HDR) and pulsed-dose-rate (PDR). Variance in the α/β ratio and 

T1/2, within the ranges of values reported in the literature, can introduce over 10% variance in the 

calculated radiobiological tumor dose for PDR treatments, while changes in the α/β ratio can 

result in over 13% variance for HDR treatments. These significant variances highlight the need 

for further efforts to establish definitive radiobiological parameter values. 

 

Compared to the different radiation sources and treatment schedules used in previous 

experiments reported in literature, the in vitro experiments with cervical cancer cell lines 

performed in this study utilized clinical BT sources and clinically relevant treatment schedules. 

To do so, a first-in-kind brachytherapy afterloader in vitro radiation delivery apparatus 
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(BAIRDA) was developed to deliver radiation to tissue culture plates. Parameter values (both α/β 

and T1/2) for seven cervical cancer cell lines (four squamous cell carcinoma and three 

adenocarcinoma) were determined using BAIRDA through single acute and fractionated hourly 

radiation schedules. Confirmatory experiments with a traditional irradiator yielded similar results 

for all cell lines, providing support for the novel BAIRDA methodology.  

 

Uncertainties influencing in vitro experiments using both irradiator and BAIRDA configurations, 

including those associated with measurements of cell survival and dose, were evaluated to refine 

the radiobiological parameters. Of the two, the dominant uncertainty was from cell survival 

measurements. The experimentally determined α/β and T1/2 values varied by a maximum of 0.5 

Gy and 0.4 hours, respectively, when considering either all experimental uncertainties or limiting 

the analysis to including only the variance in the surviving fraction for an experiment triplicate, 

which has been the common approach. BAIRDA experiments had a larger overall uncertainty 

than those using established irradiator methodology, but it could be reduced to a comparable 

level with further refinements of the experimental setup. Regardless, a complete uncertainty 

analysis did not affect the study’s findings, and the radiobiological parameters estimated with 

BAIRDA and traditional irradiators remained similar. Therefore, the uncertainty investigation 

provides greater confidence in the BAIRDA methodology and findings utilizing it. 

 

The radiobiological parameters reported in this study indicate that α/β for both squamous cell 

carcinoma and adenocarcinoma may be lower than the current conventional assumption (10 Gy) 

for tumor, while T1/2 may be higher than the conventional assumption (1.5 hours) for squamous 

cell carcinoma and lower for adenocarcinoma. These results suggest the potential for 
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personalizing BT boosts based on cancer type; a PDR BT boost might deliver a greater 

radiobiological dose than the conventionally equivalent HDR BT boost for squamous cells and 

vice versa for adenocarcinoma. Further research building upon the findings of this thesis is 

needed to translate the results to the improvements of cervical cancer BT. To determine if they 

hold clinically, further investigation of cervical cancer radiobiological parameter values is 

needed in more clinically relevant formats (e.g. in vivo or through patient outcomes studies).  
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CHAPTER 1 

INTRODUCTION 

 

1.1 Cervical Cancer Prevalence 

Cervical cancer is the fourth most common cancer in women worldwide with an estimated 

604,127 cases identified in 2020 and 1,350 expected to be diagnosed in Canada in the same year 

(1,2). While the incidence of cervical cancer has decreased in developed countries in the last 50 

years due to increased screening, many developing countries have seen rapid increases in 

cervical cancer mortality; it is the second most common cancer for women in countries with a 

low or medium Human Development Index (HDI; a measure of social and economic 

development) (1,3). Similar trends exist for cervical cancer related-mortality, where a lower HDI 

correlates to an increase in cervical cancer mortality by a factor of 2 to 4 (4,5,6,7).  

 

1.2 Cervical Cancer Etiology 

Cervical cancer is strongly associated with human papillomavirus (HPV) infection (8,9). Two 

strains, HPV-16 and HPV-18, are correlated with greater carcinogenic risks in the HPV positive 

(HPV(+)) population, contributing to about 70% of cervical cancers (10). Both strains operate 

similarly, with continued expression of the E6 and E7 proteins that inactivate the tumor 

suppressing proteins pRB and p53 (11,12). HPV-18 has been indicated to have a more active 

Long Control Region (LCR)-E6-E7 region than HPV-16, which may lead to a more aggressive 

tumor (13). In a systemic review of 13 studies, cervical cancer patients with HPV-18 had a worse 

3-year overall survival than those with HPV-16 (14). 

 

Tumor formation is a multi-step process, including the development of genetic variation (15). 

While a high risk factor, HPV infection alone is unlikely to cause cancer (15,16). Additional 

cofactors that may contribute to cervical cancer include smoking, chlamydia trachomatis 

infection, and multiparity (17,18). Cervical cancers may also occur without HPV infection (HPV 

negative; HPV(-)) and account for 10% to 15% of all cervical cancers (19,20,21). HPV(-) 

cervical cancer patients have been found to have a poorer prognosis than HPV(+) (19,21,22). 

Both Rodriguez-Carunchio et al and Nicolas et al identified a lower mean overall survival (67.7 
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and 77.0 months, respectively) in HPV(-) compared to HPV(+) (108.9 and 153.8 months, 

respectively) cervical cancer patients (19,21). 

 

1.3 Types of Cervical Cancer  

The vast majority of cervical cancers are squamous cell carcinoma (SCC), forming on the 

surface of the ectocervix, which is the inferior aspect of the cervix that faces the vagina (Figure 

1.1) (23). The most common non-SCC cervical cancer is adenocarcinoma (AC), forming in the 

glandular tissue of the endocervix that connects the vagina to the uterus (24,25). Less common 

cervical cancers include adenosquamous (ASC; containing both squamous cells and glandular 

cells) and endometrioid (a subset of adenocarcinoma cells defined based on tumor morphology) 

carcinoma (22,26). Compared to SCC, the other types are associated with a poorer prognosis in 

both overall survival and disease-free survival (24,25). For example, patients with AC and ASC 

cervical cancers experienced lower 5-year progression free survival (30.0 vs 47.6%) and 5-year 

overall survival (41.3 vs 58.1%) than the SCC subgroup (25). 

 

 

Figure 1.1: Coronal view of the uterus. Squamous cell carcinoma originates in the ectocervix 

while adenocarcinoma is formed in the endocervix. [Reprinted with permission from: Bengtsson 

E, Malm P. Screening for cervical cancer using automated analysis of PAP-smears. Comput 

Math Method M 2014;2914:842037]. 
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1.4 Cervical Cancer Imaging  

Magnetic resonance imaging (MRI), computed tomography (CT), and positron emission 

tomography (PET) are used in developed countries for staging cervical cancers and planning 

treatments. A T2-weighted MRI is ideal for providing an accurate evaluation of the primary 

tumor, spread into the parametrium, and the detection of surrounding normal tissue involvement 

(27,28,29,30,31). These aspects allow for accurate tumor staging by delineating operable and 

advanced cancers in 75% to 96% of cases (32). PET and CT imaging may be performed for the 

evaluation of distant metastatic sites (27,29). The PET imaging process uses fluorodeoxyglucose 

(FDG) as a tracer to track the uptake of glucose in rapidly metabolizing cells (e.g. primary tumor 

and metastatic sites) (27). The use of CT imaging along with PET addresses the limited spatial 

resolution of the latter (27).  

 

1.5 Staging of Cervical Cancer 

Two classification systems, TNM and Federation Internationale de Gynecologie et d’Obstetrique 

(FIGO), are used for assessing the progression of tumors (27,29,33). TNM staging classifies 

cancers based on the progression of the primary tumor (T) on a scale of 0 to 4 (with substaging 

represented by letters a and b), regional lymph node involvement (N) on a scale of 0 to 3 (only 

stages 0 and 1 are used in cervical cancer to represent regional lymph node metastasis), and 

distant metastatic spread (M) on a scale of 0 to 1 (34). FIGO classifies tumors based on disease 

progression from stage I to IV (33,35). Table 1.1 presents the equivalent stages of TNM and 

FIGO (36).  

 

Both classification systems are widely used for cervical cancer staging. For example, the 

European Society of Gynaecological Oncology/European SocieTy for Radiotherapy and 

Oncology/European Society of Pathology (ESGO/ESTRO/ESP) recommends the use of TNM 

staging for cervical cancers while the use of FIGO staging has been recommended by the 

American Brachytherapy Society (37,38). For the remainder of the chapter, the TNM staging 

will be utilized with the comparable FIGO stage listed by Brierley et al provided in brackets 

(36). 
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Table 1.1: Stage equivalencies of TNM and FIGO structures [Reprinted with permission from: 

Brierley J, Gospodarowicz MK, Wittekind C. Cervix Uteri. TNM Online 2017:166-170]. 

Primary Tumor (TNM - T) Lymph Nodes (TNM - N) Metastatic (TNM - M) 

TNM  FIGO  TNM  FIGO  TNM  FIGO  

T1 I N0  M0  

T1a IA N1 IIIB M1 IVB 

T1a1 IA1     

T1a2 IA2     

T1b 1B     

T1b1 IB1     

Tb12 IB2     

T2 II     

T2a IIA     

T2a1 IIA1     

T2a2 IIA2     

T2b IIB     

T3a IIIA     

T3b IIIB     

T4 IVA     

 

1.6 Treatment of Cervical Cancer  

Management of cervical cancer depends on the tumor stage. For early stage patients (stage T1a 

(IA)), the standard treatment is surgery (simple or radical hysterectomy). While radiation therapy 

is a potential alternative when surgery is not possible, previous clinical outcomes have shown 

that it results in lower patient survival and disease-free survival when compared to a radical 

hysterectomy (39). In a study of over 4,800 cervical cancer patients, hysterectomies decreased 

the 5-year mortality rate 62% (to approximately 20% from 52%) when compared to radiation 

treatment alone for lesions <4 cm in diameter (39). 

 

If there is lymph node or parametrial involvement, the treatment includes concurrent radiation 

therapy and chemotherapy (chemoradiotherapy) (37). The radiation therapy arm includes both 
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external beam radiotherapy (EBRT; the delivery of treatment using a radiation source that is 

external to the patient and directed or focussed to target the tumor) and brachytherapy (BT; the 

placement of a radiation source inside or near the tumor). EBRT is mostly delivered using 

modulated techniques like intensity modulated radiation therapy (IMRT) or volumetric 

modulated arc therapy (VMAT) to treat the tumor bed and lymph nodes (35,37). BT treatments 

may be delivered using a variety of applicators (devices inserted into the patient to guide the 

radiation source) and through different delivery techniques (more details provided in Section 

1.7). 

 

Patients with locally advanced cervical cancer (LACC; stage T1b (IB1) to T4 (IVA)) are 

typically treated with chemoradiotherapy, with a BT boost (29). Cisplatin, a radiosensitizing 

drug that enhances the tumor killing capability of EBRT, is the most commonly used 

chemotherapy drug for cervical cancer treatment; other drugs include 5- fluorouracil and 

alternate platinum compounds (35,40,41). The use of chemoradiotherapy has been associated 

with improved treatment outcomes. A randomized trial of stage T3b (IIIB) patients, treated with 

cisplatin-based chemoradiotherapy showed 8% higher overall survival and disease-free survival 

after 5 years compared to patients treated with radiation alone (42). Current guidelines 

recommend curative intent RT doses of 85 to 95 Gy EQD2 (EQuieffective Dose in 2 Gy 

fractions; details in the next chapter) to be delivered via EBRT and a BT boost (31). The image 

guided intensity modulated External beam radiochemotherapy and MRI based adaptive 

BRAchytherapy in locally advanced CErvical cancer (EMBRACE) II study highlights common 

EBRT requirements, including 45 Gy in 25 fractions delivered by IMRT or VMAT to the 

primary tumor and a simultaneous integrated boost (SIB) dose to 60 Gy EQD2 (after EBRT and 

BT) to the pelvic and para-aortic lymph nodes (31). 

 

1.7 Brachytherapy 

Through the precise placement of the radiation source and making use of the sharp dose falloff 

with distance from the source, BT facilitates delivery of highly localized boost doses to the 

residual tumor following EBRT or inbetween EBRT fractions (typically towards the end of 

EBRT), with the additional advantage of reducing doses to the surrounding normal tissue (Figure 

1.2). The use of BT is seen as a superior treatment option that provides better clinical outcomes 
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in patient survival in comparison to boosting with EBRT (an alternative for delivering localized 

radiation) (29,43,44). In addition, the shorter overall treatment times in BT limits tumor 

repopulation, a significant factor in the loss of tumor control, potentially improving treatment 

outcomes (45). Complex EBRT techniques, like SBRT (stereotactic body radiation therapy), 

have been evaluated as a boost option following chemoradiation when BT is not possible, though 

their efficacy remains to be proven (46).  

 

  

Figure 1.2: (a) Coronal view of a VMAT EBRT treatment for cervical cancer showing the target 

volume in blue (planning target volume; PTV) (b) Coronal view of the BT plan for the same 

patient. The red dashed line represents the high risk clinical target volume (HR-CTV; defined in 

Section 1.9). 

 

1.7.1 Brachytherapy Sources  

Radium-226 (Ra-226) was the first radioactive source to be used in the BT treatment of cervical 

cancer (29,47). However, the use of Ra-226 features multiple drawbacks, including low specific 

activity and potential leakage of radon-222. The use of Ra-226 was thus replaced with cesium-

137 (Cs-137) (29). Cs-137 also has low specific activity and its current use is primarily limited to 

low or middle income countries (48,49). Newer BT sources have a high specific activity, which 

allows for smaller sources and applicators, increasing patient comfort. The most commonly used 

BT source for cervical cancer is iridium-192 (Ir-192), which has a specific activity over 100 

times that of Cs-137 (Table 1.2). However, Ir-192 requires frequent source exchanges due to its 

short half-life of 74 days. Cobalt-60 (Co-60) BT sources are also used for treating cervical cancer 

(50). 
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Table 1.2: Properties of BT sources [Reprinted with permission from: Grupen C, Werthenbach 

U, Stroh T. Introduction to radiation protection. Berlin: Springer; 2010]. 

Property Ra-226 Co-60 Cs-137 Ir-192 

Specific activity (GBq/mg) 0.037  41.9  3.2  341  

Half-life (years) 1600  5.3  30.2  0.20 

Average γ ray energy (MeV) 0.083 1.25 0.662 0.380 

 

The decay scheme of Ir-192 is complex and has multiple decay pathways (51). The decay is 

predominantly via β- to form metastable platinum-192 (Pt-192). Ir-192 may also undergo 

electron capture to form metastable osmium-192 (Os-192). Both metastable isotopes release γ 

rays when forming a stable isotope; the average γ ray energy from the decay is 0.380 MeV 

(Figure 1.3). 

 

Figure 1.3: Decay scheme of Ir-192. The black vertical arrows represent γ rays emitted from 

metastable states while horizontal black lines represent energy levels of Ir-192, Os-192, or Pt-

192 [Reprinted with permission from: Fonseca KA, Koskinas MF, Dias MS. Disintegration rate 

measurement of a 192Ir solution. Appl Radiat Isotopes 2001;54(1):141-145]. 
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1.7.2 Brachytherapy Delivery Techniques 

In modern times, BT treatments for cervical cancer are delivered using remote afterloading 

devices (“afterloaders”), which remotely move the source into an applicator inserted in the 

patient via a transfer tube. Based on the dose rate delivered, afterloaders are divided into low-

dose-rate (LDR), high-dose-rate (HDR), and pulsed-dose-rate (PDR). Details of the technique 

and the commonly used radioactive sources in these treatment types are discussed below.  

 

1.7.2.1 Low Dose Rate (LDR) BT  

LDR BT (0.4 to 2 Gy/hr), used Cs-137 sources to deliver dose continuously over an extended 

period (e.g. 1 to 3 days per insertion with 1 to 2 total insertions for cervical cancer BT), and was 

planned using orthogonal films (29,52,53). Each insertion used multiple spherical sources 

(typically 20 to 24 for three channel Selectron LDR afterloaders (Nucletron, The Netherlands)) 

interspaced with steel spacers loaded into the patient, forming a “source train” (54,55). Figure 

1.4 illustrates an example of sources loaded inside BT applicators for treatment (56). 

 

Figure 1.4: Example of a source loading for an LDR treatment. The black dots represent Cs-137 

sources. Solid spherical spacers occupy spaces between the sources (not shown) to fix the 

position of the loaded sources. [Reprinted with permission from: Jhingran A, Eifel P. Radiation 

therapy for cervical carcinoma. Glob Libr Women Med 2009]. 
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The disadvantages of using Cs-137 sources arise due to its low specific activity, resulting in 

longer treatments and large sources (and, therefore, bigger applicators). In addition, the fixed 

position of sources during treatment limits the potential for dose optimization (57). Compared to 

modern techniques, fixed source positions make tumor dose escalation difficult without also 

increasing the dose to the surrounding organs at risk (OAR).  

 

1.7.2.2 High Dose Rate (HDR) BT 

HDR BT (> 12 Gy/hr) commonly uses Ir-192 (though Co-60 is also in use) to deliver 

fractionated treatments that are spread over multiple days (58). The single source in an HDR 

afterloader, described as a “stepping source”, moves through a series of preplanned source 

positions (dwell positions) for prescribed lengths of time (dwell times) to deliver the desired dose 

(59,60).  

 

The use of HDR BT over LDR BT provides clinical, patient care, and economic advantages. 

Since it is believed that both HDR and LDR BT can provide similar clinical outcomes (both local 

control of the tumor and survival), these advantages make HDR BT an attractive alternative to 

LDR BT (61,62,63). For example, the use of the stepping source allows for superior dose 

optimization (59). If additional dose is desired locally near a given source position, this can be 

achieved by increasing the dwell time at that specific position. This enables “almost limitless” 

options for achieving a better dose distribution (57). Both LDR and HDR BT treatments can be 

delivered by remote afterloading, allowing for the reduction of unnecessary exposure. However, 

HDR afterloaders provide an economic advantage as they allow for a higher throughput of 

patients due to the shorter treatment times (few minutes per day). Furthermore, HDR BT 

treatments can be delivered on an outpatient basis and do not require a hospital stay for the 

patient (59).  

 

In Canada, BT treatments are delivered almost exclusively using HDR. In 2017, 93% of 

institutes in Canada reported using HDR BT (64). Similar trends are seen internationally, with 

one survey identifying approximately 85% of centers in Asia, Europe, Australia, New Zealand, 

and North America using HDR BT for cervical cancer treatment (65).  
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1.7.2.3 Pulsed Dose Rate (PDR) BT  

PDR BT is a hybrid treatment that delivers radiation through small hourly fractions (or “pulses”) 

for a prolonged period (2 to 3 days) (Figure 1.5) (53). PDR afterloaders use an Ir-192 stepping 

source in the same manner as HDR.  

 

PDR BT’s capacity for dose optimization allows it to retain one of HDR BT’s main advantages. 

In addition, it is believed that the lower hourly dose rate in PDR BT may reduce OAR toxicity 

compared to HDR BT (66). This will be further discussed in Chapter 2. However, this reduction 

in OAR toxicity has not been definitively identified in patient outcome data (67,68,69). Kumar et 

al reported the first prospective randomized study comparing HDR BT and PDR BT patients, 

noting lower radiation toxicity with PDR BT, though the improvement was not statistically 

significant (70). Unlike LDR BT, where treatments are delivered continuously, nursing care can 

be provided to the patient in between pulses without increasing the overall treatment time. 

However, like LDR BT, patient throughput is lower, which has limited the popularity of PDR BT 

in the United States and Canada (71). In 2020, only one of 37 centers in Canada reported use of 

PDR BT (72).  
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Figure 1.5: Examples of (a) LDR, (b) HDR, and (c) PDR treatments aiming at delivering a 

similar brachytherapy boost dose of ~44 Gy EQD2.  
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1.7.3 Applicators for Cervical Cancer 

Intracavitary (placement of applicators in a cavity) BT, the common technique for delivering 

cervical cancer treatments, mostly uses the tandem and ring (T&R, Figure 1.6(a)) or tandem and 

ovoids (T&O, Figure 1.6(b)) applicators (29). The tandem is inserted through the cervix and into 

the uterus while the ring/ovoids sit(s) inferior to the ectocervix. The tandem treats the uterine 

portion of the tumor while the ring or ovoids treat(s) the upper portion of the vagina. Other 

vaginal components include the cylinder and split ring, with ongoing studies regarding the 

advantages of each applicator type (29,73). The selection of the vaginal component depends on 

the patient’s anatomy and the extension of the tumor. 

 

  

Figure 1.6: Intracavitary applicators used for cervical cancer BT: (a) tandem and ring and (b) 

tandem and ovoids, including interstitial needles. [Reprinted with permission from: Viswanathan 

AN, Beriwal S, De Los Santos JF, Demanes DJ, Gaffney D, Hansen J, et al. American 

Brachytherapy Society consensus guidelines for locally advanced carcinoma of the cervix. Part 

II: High-dose-rate brachytherapy. Brachytherapy 2012;11(1):47-52]. 

 

The addition of an interstitial (applicators placed inside the tissue) component to the intracavitary 

applicator (intracavitary/interstitial) facilitates delivery of more lateral dose and helps treat wide 

tumors that cannot otherwise be treated using an intracavitary technique alone (Figure 1.7(a)). 

The use of interstitial needles, as shown in Figure 1.7(b), allows for increased dose sculpting. 

Interstitial only treatments for cervical cancer are rare and account for 1% of cervical cancer 

treatments (67). Intracavitary/interstitial treatments are used in half of the Canadian centers (64). 
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Figure 1.7: (a) Isodose profile for an intracavitary only treatment (tandem shown in light blue) 

normalized to the A points (see Section 1.8). The dashed and solid red lines represent the HR-

CTV and the 100% isodose line, respectively. (b) Isodose profile for an intracavitary and 

interstitial treatment of the same tumor. The interstitial needles (in orange) provide increased 

lateral coverage of the HR-CTV.  

 

1.8 Point-Based Prescriptions 

The Manchester system is the most extensively used dose prescription system in the world and is 

characterized by dose to four points: Point A, Point B, bladder point, and rectum point (74). The 

location of these points was historically identified using orthogonal radiographs and provides 

limited information on patient anatomy: 

 

 Point A is defined 2 cm superior to the cervical os and 2 cm lateral from the cervical 

canal on both sides (Aright and Aleft) when viewed in the coronal plane (Figure 1.8) (75). 

 Point B is located 2 cm up the midline and 5 cm away laterally at the level of Point A on 

both sides (Bright and Bleft) and provides an estimate of the absorbed dose to the adjacent 

internal iliac and obturator lymph nodes (29). 

 The bladder point acts as a reference for the bladder dose. It is defined after the insertion 

of a Foley balloon filled with 7 cm3 of radio-opaque fluid into the bladder and is the 

posterior-most point of the balloon’s surface (29). 
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 The reference point for rectal and upper vaginal dose is the recto-vaginal point, defined 

as 5 mm posterior to the vaginal posterior wall (29).  

 

 

Figure 1.8: Example of the Manchester system treatment geometry and the position of Points A 

and B in the coronal plane for (a) an ideal patient configuration and (b) a distorted configuration. 

[Reprinted with permission from: Halperin E, Perez C, Brady L. Perez and Brady's Principles 

and Practice of Radiation Oncology. Philadelphia: Wolters Kluwer Lippincott Williams & 

Wilkins; 2013]. 

 

Further research into point-based anatomical definitions suggests that the use of point-based 

prescriptions is not accurate (76,77). This is due to variations in the tumor and cervix sizes and 

anatomical locations of the surrounding OARs, which can result in tumor overdosing or 

underdosing, potentially affecting patient outcomes (Figure 1.9). Despite these concerns, point-

based prescriptions are often utilized as a starting point for treatment prescriptions (77). 
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Figure 1.9: Anterior-posterior representation of the cervix and Point A for variations in cervix 

size. (a) Point A in a large cervix that can lead to underdosing of the tumor. (b) Point A in a 

small cervix that may lead to overdosing, including the organs at risk [Reprinted with permission 

from Khan F. The physics of radiation therapy. Philadelphia: Lippincott Williams & Wilkins; 

2010]. 

 

1.9 Volume-Based Prescriptions 

The limitations of point-based prescriptions can be overcome with volume-based planning, 

where prescriptions are made based on contoured regions. However, this requires 3D imaging of 

the patient and has led to the replacement of films with CT and later with MRI. Current 

guidelines (e.g. GEC-ESTRO) recommend use of MR images for contouring and planning (29).  

The residual gross tumor volume (GTV-Tres) is defined as the tumor volume that remains at the 

time of BT. The treated clinical target volumes (CTV) are described as high-risk (HR-CTV), 

intermediate-risk (IR-CTV), and low-risk (LR-CTV) (Figure 1.10) (29,31,38,78). The HR-CTV 

represents the macroscopic tumor load and includes the cervix, GTV-TRes, and residual 

pathologic tissue (29). The HR-CTV is the volume with the highest risk of recurrence. The IR-

CTV includes the primary GTV (GTV-Tinit) and margins around the HR-CTV to represent the 

macroscopic disease. Finally, the LR-CTV defines the microscopic spread of the tumor and 

includes the parametria, uterus, and upper vagina. The use of multiple definitions allows for 
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multiple prescription targets based on the risk/benefit of escalating dose prescriptions to each 

CTV. Common dose metrics include the lowest dose delivered to 90% of the tumor (D90) and 

the highest dose delivered to a 2 cm3 region of a contoured OAR (D2cc; mainly bladder, rectum, 

sigmoid, and small bowel). Optimization of dwell positions and dwell times is performed to 

achieve the desired prescription doses to the targets while limiting OAR doses. The use of 

volume-based prescriptions has seen widespread adoption in the treatment of cervical cancer and 

has led to improved patient outcomes, such as overall and local survival compared to the point-

based prescriptions (79,80,81,82).  

 

 

Figure 1.10: Definition of high risk (HR), intermediate risk (IR), and low risk (LR) CTV, which 

delineates the tumor into multiple regions based on macroscopic loading and potential for 

microscopic spread. [Reprinted with permission from: Haie-Meder C, Pötter R, Van Limbergen 

E, Briot E, De Brabandere M, Dimopoulos J, et al. Recommendations from gynaecological 

(GYN) GEC-ESTRO working group (I): concepts and terms in 3D image based 3D treatment 

planning in cervix cancer brachytherapy with emphasis on MRI assessment of GTV and CTV. 

Radiother Oncol 2005;74(3):235-245]. 
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1.10 Dose Calculation Algorithm  

 

1.10.1 AAPM TG-43 Formalism 

Remote afterloaders from all vendors are accompanied by dedicated treatment planning software. 

For example, Elekta (Stockholm, Sweden) and Varian (Palo Alto, CA) offer Oncentra Brachy 

(OcB) and BrachyVision, respectively. The American Association of Physicists in Medicine’s 

Task Group Number 43 (AAPM TG-43) formalism is the most commonly used approach for 

calculating the physical dose delivered for cervical cancer BT. This water-based formalism 

calculates the dose to a point-of-interest utilizing the known dose at a reference point and several 

other factors as described below. 

 

The geometric setup for TG-43 calculation is shown in Figure 1.11. Positions are defined in 

polar coordinates, with r referring to the distance away from the center of the active source and  

being the angle off the longitudinal axis with the origin (r = 0) located at the center of the source 

(83,84). The reference point is defined along the perpendicular axis at r0  = 1 cm and 0 = 90°. 

The active source length (L) and angle subtended (β) by the source from the dose calculation 

point are also included in the dose calculation.  

 

According to the TG-43 formalism, the dose rate (Ḋ) from a source at a distance r and angle  is 

given by (84): 

�̇�(𝑟, 𝜃) = 𝑆𝑘 ∙ 𝛬 ∙
𝐺𝑋(𝑟,𝜃)

𝐺𝑋(𝑟0,𝜃0)
∙ 𝑔𝑋(𝑟) ∙ 𝐹(𝑟, 𝜃)    (1.1) 

Sk, the air-kerma strength, is a measure of the source strength (units of U, or cGy cm2/hr). It is 

obtained from the air-kerma rate (K̇δ(d)) in vacuum for a given cutoff energy (δ) at a distance d 

along the transverse axis ( = 90°) of the source. The cutoff energy is typically selected as 5 keV 

as photons below this energy do not contribute to tissue dose more than 1 mm away from the 

source (84). Measurement of K̇δ(d) typically occurs 1 meter away from the source. Sk is 

calculated as: 

𝑆𝑘 = �̇�𝛿(𝑑) ∙ 𝑑2     (1.2) 
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Figure 1.11: Definition of polar coordinates used in TG-43 formalism to calculate the dose rate 

at a calculation point P(r, ) from a source of active length L. The reference dose rate is defined 

at the reference point (r0 = 1 cm, 0 = 90°) along the transverse axis of the source. Calculation of 

the dose rate requires the angle subtended (β) by the source and the distance (r) from the center 

of the source to the calculation point. [Reprinted with permission from: Rivard MJ, Coursey BM, 

DeWerd LA, Hanson WF, Huq S, Ibbott GS, et al. Update of AAPM Task Group No. 43 Report: 

A revised AAPM protocol for brachytherapy dose calculations. Med Phys 2004;31(3):633-674]. 

 

Λ is the dose-rate constant in water at 1 cm along the transverse axis (at the reference point) of a 

unit air kerma strength source (Sk = 1 U) and has units of cGy/h/U. It converts the air-kerma 

strength to absorbed dose in water and is given by (84): 

𝛬 =
Ḋ(𝑟0,𝜃0)

𝑆𝑘
      (1.3) 

where Ḋ(𝑟0, 𝜃0) is the dose rate at the reference point. The value of Λ is dependent on the 

radionuclide and the source model. Λ accounts for the spatial distribution of the radioactive 

material inside the source, the source encapsulation, self-filtration of the source, and source 

geometry (83).  

 

GX is the geometry function that provides an estimate of the falloff in photon fluence based on 

the spatial distribution of radioactivity in the active length neglecting absorption or scattering. 

The value of GX is dependent on the distribution of activity within the source. For a point source 

approximation (denoted by subscript P), the value of the geometry function (GP) is given by r-2. 

For a line source approximation, the value of GL is (84): 
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𝐺𝐿(𝑟, 𝜃) = {

𝛽

𝐿 𝑟 sin (𝜃)
, if 𝜃 ≠ 0

(𝑟2 − 𝐿2/4)−1 if 𝜃 = 0
     (1.4) 

where β is the angle subtended ends of the active length of the source at the calculation point 

(Figure 1.11) and L is the active length of the source. 

 

gx, the radial dose function, accounts for dose falloff in the transverse plane, excluding the 

falloff that is already considered in the geometric function, including photon scattering and 

attenuation. gx is defined by (84): 

𝑔𝑋(𝑟) =
�̇�(𝑟,𝜃0)

�̇�(𝑟0,𝜃0)

𝐺𝑋(𝑟0,𝜃0)

𝐺𝑋(𝑟,𝜃0)
     (1.5) 

 

F is the anisotropy function and accounts for variations in dose rate as a function of the polar 

angle relative to the transverse plane. The value of F in the transverse plane is unity but 

decreases as r decreases, θ approaches 0° or 180°, source encapsulation increases, and photon 

energy decreases (84). It is defined as (84): 

𝐹(𝑟, 𝜃) =
�̇�(𝑟,𝜃)

�̇�(𝑟,𝜃0)

𝐺𝐿(𝑟,𝜃0)

𝐺𝐿(𝑟,𝜃)
     (1.6) 

 

Use of the TG-43 formalism allows for a simplification of complex dose calculations and the 

characterization of dose rate through the use of a handful of parameters, many of which are 

tabulated in published literature as they are source and model dependent (e.g. Perez-Calatayud et 

al provide values of Λ, gL, and F for multiple HDR Ir-192 sources) (85). Sk is obtained from the 

source calibration certificate and GX can be calculated based on the position of the source and 

calculation point of interest. 

 

1.10.2 Model Based Dose Calculation Algorithms (MBDCA)  

The underlying assumptions of the water-based dose calculation algorithm (TG-43) introduce 

uncertainties in dose calculations, in particular for treatments with significant tissue and material 

heterogeneities (86,87). To overcome this issue, the AAPM TG-186 report recommends the 

implementation of model-based dose calculation algorithms (MBDCA). MBDCAs calculate the 

actual dose delivered to the patient by modeling radiation transport in non-water media with the 
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consideration of tissue, air-tissue interface, and applicator heterogeneities (88). Three major 

MBDCA methods are briefly discussed below. 

 

One method is to solve the governing equation that describes the behavior of radiation particles 

as they interact with matter: the Boltzmann transport equation (89). It is commonly assumed that 

the particles only interact with matter (no interactions with each other), an assumption that will 

hold in the absence of external magnetic fields (89). The assumption allows the particle behavior 

to be described by the linear Boltzmann transport equation (LBTE) (89). LBTE solvers calculate 

an approximate solution through a deterministic approach. Energy, spatial, and angular variables 

are discretized, which results in a linear system of equations that are subsequently solved 

iteratively (88). The use of discretized phase-space has led to these methods being categorized as 

grid-based Boltzmann solvers (GBBS). Acuros BV in BrachyVision (Varian, Palo Alto, 

California) is an example of a GBBS implemented in treatment planning software for Ir-192 

sources (90).  

 

The LBTE can also be solved stochastically with a Monte Carlo method. In this case, a series of 

input parameters (radiation geometry, materials, and interaction cross sections) and a random 

number generator are used to simulate physical interactions and dose deposition. Monte Carlo 

methods rely on the law of large numbers and the central limit theorem to determine the solution 

of the LBTE; running the simulation a large number of times will result in convergence to the 

solution for energy deposition in the specified materials. There is currently no commercially 

available Monte Carlo BT treatment planning software as the long calculation times associated 

with Monte Carlo calculations have prevented their use in routine clinical practice (91).  

 

A third methodology, superposition/convolution, calculates the dose by superimposing dose 

deposition kernels around sites of interaction. Dose deposition kernels, generated using Monte 

Carlo method in water medium, are used in conjunction with ray tracing to calculate radiation 

transport along a photon’s path to points of interest. The calculation of the convolution at every 

position is computationally taxing. As a result, a “collapsed cone” (CC) algorithm is used to 

improve the computational speed by angular discretization of energy: cones of the kernel’s 

energy transport are collapsed along its axis. The CC algorithm is utilized in Oncentra Brachy as 



21 

 

the Advanced Collapsed cone Engine (ACE) (92). A feature of ACE is the use of “HU based” 

definitions, which assign material properties to voxels based on measured HU values and a CT 

calibration curve instead of predefined densities and materials (93). 

 

As reported in several studies, the difference between doses calculated by TG-43 and MBDCAs 

for cervical cancer BT treatments is <5% (87,94,95,96). Mikell et al showed that dose to Points 

A and B as well as the OAR D2ccs (bladder, rectum, and sigmoid) calculated using Acuros BV 

differed from TG-43 values by up to 5% (94). This represents larger deviations compared to 

other publications. A retrospective study of eight cervical cancer BT plans by Hyer et al showed 

<2.6% difference in the Point A and OAR D2cc doses between Acuros BV and TG-43 calculated 

doses (95). Similarly, Hofbauer et al showed <2% changes between Acuros BV and TG-43 in 

target D90 and OAR D2cc and D0.1cc (96). Abe et al noted the importance of proper material 

selection for each calculation; when recalculating seven Ir-192 BT treatments, the difference 

between TG-43 and OcB ACE for rectum D2cc was 11.9% when the rectum was assigned the 

properties of air instead of water (97). 

 

An explanation for the limited differences between TG-43 and MBDCA-calculated dose in 

cervical cancer BT is found in the photon energy of the sources, composition of tissues 

irradiated, and current applicator types. The γ energy of sources used in cervical cancer BT is in 

the Compton range (380 keV for Ir-192 and 1.25 MeV for Co-60). The Compton effect is 

directly proportional to the electron density of the material (98). In cervical cancer BT, the 

electron densities of the irradiated soft tissues are similar (approximately 1.05 times that of 

water) (99). In addition, current BT applicators are mostly plastic, which reduces material 

heterogeneity compared to higher density metallic applicators. These factors result in similar 

doses with water-based dose calculation and MBDCAs in gynecological BT.  
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1.11 Radiobiological Dose Prescriptions 

The combined dose from EBRT and BT in cervical cancer treatments is specified in terms of 

radiobiological dose (29). Radiobiological dose contrasts with physical dose (the energy 

deposited in matter by ionizing radiation per unit mass) by incorporating the relationship 

between cell response factors and dose delivery parameters to better predict a treatment’s 

outcome (66,100). The radiobiological dose is calculated using the α/β ratio and halftime of 

repair (T1/2), parameters that characterize the irradiated tissue’s response to radiation. 

Conventionally, α/β ratios of 10 Gy and 3 Gy are assumed for the tumor and for all other tissues, 

respectively, while the T1/2 of all tissues is assumed to be 1.5 hours (29,31,60). A detailed 

explanation of these parameters and their use in radiobiological dose calculations is given in 

Chapter 2. 

 

While not considered in current radiobiological dose calculations, recent guidelines stress the 

importance of the overall treatment time (OTT; time from the start of EBRT to the end of BT). 

For example, the EMBRACE II guidelines highlight the need to limit the overall treatment time 

(OTT) to less than 50 days (31). The retroEMBRACE study notes that the extension of OTT by 1 

week was equivalent to a decrease in the HR-CTV D90 of 5 Gy EQD2 (101).  

 

Several groups have recommended radiobiological dose prescriptions for the tumor and tolerance 

limits for the OARs. Currently, the most commonly used target dose prescriptions (in Gy10) and 

OAR dose limits (in Gy3) follow the EMBRACE II guidelines; shown in Table 1.3 (31): 

 

Table 1.3: Planning aims and limits for prescribed dose in cervical cancer treatment suggested 

by the EMBRACE II study (31). Dose values are in units of EQD2, the calculation of which is 

discussed in Chapter 2. 

Dose (Units) Planning aim  Dose limit 

D90 HR-CTV (Gy10) 90 - 95 >85 

D98 HR-CTV (Gy10) >75 - 

D2cc Bladder (Gy3) <80 <90 

D2cc Rectum (Gy3) <65 <70 

D2cc Sigmoid Colon (Gy3) <70 <75 

D2cc Bowel (Gy3) <70 <75 
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1.12 Thesis Overview  

The transition to volume-based prescriptions has resulted in the adoption of multiple conventions 

to allow comparison of prior clinical experience with LDR BT to that of HDR BT and, to a lesser 

extent, PDR BT. This includes the assumption of values for the radiobiological parameters α/β 

and T1/2. However, a wide range of values for α/β and T1/2 have been reported for cervical cancer 

tumors and OARs. This research highlights the potential implications of the variance in the 

radiobiological parameter values, investigates use of in vitro experiments to determine α/β and 

T1/2 of cervical cancer cell lines through the use of a novel radiation delivery apparatus, performs 

a comprehensive uncertainty analysis to better determine the accuracy and precision of the 

reported α/β and T1/2 values and discusses the potential clinical implications of the findings.  

 

Chapter 1 provides an overview of cervical cancer and its treatment with emphasis on the BT 

component. Chapter 2 introduces the fundamentals of radiobiology and radiobiological dose 

prescriptions. In addition, it discusses the theory and calculation of radiobiological dose and 

provides details of clinical prescription uncertainties identified through published literature. The 

objective of this work is also presented. Chapter 3 explores the previously reported values of 

radiobiological parameters and their potential clinical implications. The range of radiobiological 

dose that may be delivered by cervical cancer BT is presented using the previously reported 

parameter values to highlight the need for accurate radiobiological parameter determination. 

Chapter 4 presents the findings from in vitro experiments conducted using cervical cancer cell 

lines to quantify radiobiological parameters, α/β and T1/2, that better reflect clinical practice than 

prior approaches. This includes the use of established techniques in radiation biology 

(clonogenic assays, irradiation using a Cs-137 irradiator) as well as a novel technique for in vitro 

irradiation using a clinical Ir-192 brachytherapy afterloader (brachytherapy afterloader in vitro 

radiation delivery apparatus; BAIRDA). The potential clinical implications of the parameters 

established in this research for brachytherapy treatment calculations will also be presented. 

Chapter 5 provides a thorough investigation of uncertainties associated with cell irradiation using 

a Cs-137 irradiator and Ir-192 afterloaders. In addition, a comprehensive study of the impact of 

combining several uncertainties in the measurement of cell survival using these two irradiation 

techniques is presented. Chapter 6 is a summary chapter that also identifies areas of further 

research. 
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CHAPTER 2 

RADIOBIOLOGY AND RADIOBIOLOGICAL PARAMETERS 

 

A portion of this chapter has been published as: Chow B, Warkentin B, Menon G. 

Radiobiological dose calculation parameters for cervix cancer brachytherapy: A 

systematic review. Brachytherapy 2019;18(4):546-558. 

 

2.1 Introduction 

A summary of the recommended combined EBRT and BT prescription doses used in 

locally advanced cervical cancer was provided in Chapter 1. The dose prescription to the 

tumors and dose limits to the organs at risk (bladder, rectum, sigmoid, small bowel) were 

given in units of radiobiological dose. This chapter will go into detail about the derivation 

of radiobiological dose, the importance of the α/β ratio and T1/2, and recently published 

findings of these parameter values.  

 

2.2 Radiobiological Dose 

The use of physical dose (the energy deposited per unit mass, units of Gy) does not fully 

characterize the response of cells to radiation. In a study by Tarbell et al, mice irradiated 

at LDR (5 cGy/min) had a higher median lethal dose (dose that is expected to kill 50% of 

those exposed; LD50) 180 days after upper body half irradiation than mice irradiated at 

HDR (80 cGy/min) for the same physical dose (1). The LD50 after 180 days for twice-

daily 2 Gy fractions (separated by 6 hours) was 28.42 Gy for LDR vs 24.10 Gy for HDR. 

In addition, Tarbell et al determined that increasing the time separation between dose 

fractions increased LD50 after 180 days. If the LDR twice-daily 2 Gy fractions were 

instead delivered daily, the LD50 after 180 days increased from 28.42 Gy to 32.66 Gy.  

 

As there are large variances in the dose rate and dose fractionation size between LDR, 

HDR, and PDR BT, calculation of equivalencies between different BT schedules requires 

the use of a prescription metric that considers physical dose, dose fractionation, and dose 

rate. Historical attempts at bridging these different techniques include the use of “dose 

reduction factors” (DRF) to convert HDR BT doses to an LDR equivalent (2). In order to 
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produce the same lethality in mice 26 weeks after irradiation, Lockhart et al showed that 

the total dose of an HDR exposure (at 110 cGy/min) had to be reduced by a factor of 1.8 

compared to that of an LDR exposure (at 5 cGy/min) (3). A limitation of the DRF 

method is its dependence on the treatment schedule and dose fraction size. In the example 

above from Tarbell et al, the DRF for the twice daily 2 Gy fractions at HDR exposures 

compared to LDR was approximately 1.3. However, in the same study, it was identified 

that the LD50 values after 180 days of single fraction HDR (1 Gy increments delivering 

dose up to 18 Gy) and LDR treatments were 12.99 Gy and 22.47 Gy, respectively (DRF 

of 1.7) (1). In addition, decreasing the fraction size from 2 to 1.2 Gy resulted in a much 

smaller DRF of 1.02 between HDR and LDR exposures (LD50 of 28.17 Gy vs 28.60 Gy, 

respectively). Therefore, comparison of two different dose schedules must have DRFs 

calculated for each treatment schedule and fraction size. 

 

An important dosimetric change in cervical cancer treatment planning has been the 

adoption of the more robust radiobiological dose prescription. Radiobiological dose 

contrasts with physical dose by incorporating the relationship between cellular response 

factors and dose delivery parameters to better predict treatment outcome (4,5).  

 

2.3 Linear-Quadratic (LQ) Model 

The basis for radiobiological dose calculation for cervical cancer radiation is the Linear-

Quadratic (LQ) model (6,7). The LQ model was initially developed by both Chadwick 

and Leenhouts as well as Kellerer and Rossi independently (8,9). It correlates the fraction 

of cells that survive irradiation (surviving fraction; SF, range of 1 to 0) to the total dose 

delivered (D). When dose is delivered in a single fraction of radiation, the LQ model is 

(10): 

 𝑆𝐹 = 𝑒−(𝛼𝐷+𝛽𝐷2)      (2.1) 

In this equation, SF is the surviving fraction, D is the dose, and the parameters α and β 

characterize the irradiated cells’ radiosensitivity and have units of Gy-1 and Gy-2, 

respectively (10). The values of both α and β are dependent on the cell type and are often 

combined into the “α/β ratio” (11). Plotting SF against D on a semilogarithmic scale 

generates a cell survival curve (Figure 2.1). The loss of cells due to the αD component is 
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called “α damage”, while the quadratic βD2 term produces additional “β damage”. It can 

be shown that the amount of α damage equates to the amount of β damage when D equals 

the α/β ratio. If D is greater than the α/β ratio, then there is more β damage than α damage 

(and vice versa). 

 

 

Figure 2.1: Example of surviving fraction in tissue with α = 0.3 Gy-1 and α/β = 10 Gy. 

The blue curve represents α damage and blue arrow represents the α damage at 10 Gy. 

The black curve represents the combined α and β damage while the black arrow 

represents only β damage at 10 Gy. At 10 Gy, the α and β damages are equal. 

 

2.3.1 Interpretation of the LQ Model 

The LQ model uses few parameters and is reasonably well validated for fraction sizes up 

to 10 Gy (12). This makes the model suitable for the typical dose fraction sizes used in 

HDR BT for cervical cancer. However, the use of this model requires a discussion of the 

rationale for the linear and quadratic elements. Chadwick and Leenhouts proposed that 

the cause of cell death is due to the accumulation of damage in the DNA double helix. 

Based on this assumption, two causes emerge for a double-strand break: (a) formation in 

a single radiation event (α damage) and (b) formation through the interaction of two 

different events where each event creates a single-strand break in the DNA (β damage). 

Both scenarios are shown in Figure 2.2 below.  
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Figure 2.2: Visual representation of theoretical double-strand breaks caused by (a) single 

radiation events and (b) interaction of multiple single-strand breaks. Each lightning bolt 

represents a different radiation event. [Reprinted with permission from: Dale R. Use of 

the linear-quadratic radiobiological model for quantifying kidney response in targeted 

radiotherapy. Cancer Biother Radiopharm 2004;19(3):363-370]. 

 

Because a single-strand break is repairable before the formation of a double-strand break, 

it can be thought of as sublethal damage. By comparison, α damage would describe the 

formation of lethal damage as a double-strand break that is irreparable.  

 

It should be noted that, while this model assumes that the cause of cell death is the 

accumulation of double-strand breaks, it is not a complete reflection of the DNA damage 

process. Chadwick and Leenhouts noted that, at the time of publication, there were no 

known mechanisms for repairing DNA double-strand breaks (8). However, it has since 

been determined that double-strand breaks in the DNA can be repaired by the cell 

through non-homologous end joining (NHEJ) and homologous recombination (13,14,15). 

Hence, a more general interpretation of the LQ model associates α damage with lethal 

lesion generation and β damage with the formation of lethal lesions from sublethal lesion 

interaction. 
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2.3.2 Modified LQ Model 

The calculation of SF in Equation (2.1) assumes a situation where all radiation is 

delivered in a single acute fraction. However, many radiation schedules are not delivered 

acutely (e.g. LDR BT) or are fractionated. Both will increase cell survival compared to a 

single fraction of the same physical dose. Brenner and Hall found a large increase in 

survival of CHL-F (Chinese hamster) cells in vitro when exposed to 20 Gy at a dose rate 

of 0.36 cGy/min (approximately 4% survival) compared to 107 cGy/min (approximately 

0.002%) (4). A method of addressing this limitation in the LQ model is to introduce the 

generalized Lea-Catcheside time factor, G (a dimensionless value), forming the modified 

LQ model (12,16): 

𝑆𝐹 = 𝑒−(𝛼𝐷+𝛽𝐺𝐷2)      (2.2) 

This modified equation enumerates the impact of dose rate and dose fractionation due to 

cellular repair of sublethal damage during irradiation through G (12,17). Unlike the α 

damage, the β damage interactions are modulated by the G factor (17). G, therefore, 

corresponds to the potential sparing that can occur due to dose fractionation and repair 

mechanisms for sublethal damage and ranges from 0 to 1; these values are explored in the 

next section. 

 

2.3.3 Derivation of the Generalized Lea-Catcheside Time Factor 

The value of G is essential for analyzing the impact of dose fractionation. Therefore, its 

derivation is briefly covered in this section. 

 

The number of lethal lesions, NL, is given by the sum of the lesions formed by a single 

radiation event, Nα, and the number of interactions between sublethal lesions (Nβ) (9): 

𝑁𝐿 = 𝑁𝛼 + 𝑁𝛽 = 𝛼𝐷 + 𝛽𝐺𝐷2     (2.3) 

G can therefore be determined by finding Nα and Nβ. 

 

The rate of formation of lethal lesions from single radiation events is proportional to the 

amount of radiation delivered (Κα). Therefore, dNα dt⁄ = ΚαḊ(t), where Ḋ(t) is the dose 

rate as a function of time (t). Integrating both sides with respect to time and using the 

initial condition of 0 lethal lesions formed at time t = 0, Nα(T) = ΚαD.  
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The increase in Nβ at a given point in time can be taken as the product of the number of 

sublethal lesions that have been formed at time t (�̇�𝑆𝐿𝐿,𝑛𝑒𝑤(t)), the number of previously 

formed sublethal lesions that remain at time t, 𝑁𝑆𝐿𝐿,𝑝𝑟𝑒𝑣𝑖𝑜𝑢𝑠(t), and the probability of 

interaction between sublethal lesions to form a lethal lesion (ε): 

𝑑𝑁𝛽 𝑑𝑡⁄ = 𝜀�̇�𝑆𝐿𝐿,𝑛𝑒𝑤(t)𝑁𝑆𝐿𝐿,𝑝𝑟𝑒𝑣𝑖𝑜𝑢𝑠(t)    (2.4) 

To fully characterize Equation (2.4), functions describing �̇�𝑆𝐿𝐿,𝑛𝑒𝑤(t) and 𝑁𝑆𝐿𝐿,𝑝𝑟𝑒𝑣𝑖𝑜𝑢𝑠(t) 

must be identified. It is assumed that the number of sublethal lesions formed is 

proportional to the dose rate. Therefore: 

�̇�𝑆𝐿𝐿,𝑛𝑒𝑤(t) = Κ𝛽�̇�(𝑡)     (2.5) 

where Κβ represents the number of sublethal lesions formed per unit of radiation. While 

�̇�𝑆𝐿𝐿,𝑛𝑒𝑤(t) only defines the formation of new sublethal lesions, the value of 

𝑁𝑆𝐿𝐿,𝑝𝑟𝑒𝑣𝑖𝑜𝑢𝑠(t) depends on two factors: the sublethal lesions that have formed previously 

and the number that have been repaired. Based on this definition, the change in the 

number of previously generated sublethal lesions at any point in time is given by: 

𝑑𝑁𝑆𝐿𝐿,𝑝𝑟𝑒𝑣𝑖𝑜𝑢𝑠 𝑑𝑡⁄ = Κ𝛽�̇�(𝑡) − 𝜇𝑁𝑆𝐿𝐿,𝑝𝑟𝑒𝑣𝑖𝑜𝑢𝑠   (2.6) 

This equation describes two factors influencing the number of sublethal lesions: a 

formation rate proportional to the dose rate and a first-order repair rate. μ, the time repair 

constant, has units of hr-1 and describes the rate of repair of sublethal lesions. The 

differential equation may be solved to yield (9): 

𝑁𝑆𝐿𝐿,𝑝𝑟𝑒𝑣𝑖𝑜𝑢𝑠(𝑡) = Κ𝛽𝑒−𝜇𝑡 ∫ 𝑑𝑠�̇�(𝑠)𝑒𝜇𝑠𝑡

𝑠=0
    (2.7) 

where the integral over s represents a summation from time t = 0 to the time t of interest. 

Substituting Equations (2.5) and (2.7) in Equation (2.4) gives: 

𝑑𝑁𝛽 𝑑𝑡⁄ = 𝜀Κ𝛽�̇�(𝑡)Κ𝛽𝑒−𝜇𝑡 ∫ 𝑑𝑠�̇�(𝑠)𝑒𝜇𝑠𝑡

𝑠=0
    (2.8) 

Integrating Equation (2.8) with respect to t allows calculation of the total number of 

lethal lesions produced by β damage (9), 

𝑁𝛽 = 𝜀Κ𝛽
2 ∫ 𝑑𝑡�̇�(𝑡) ∫ 𝑑𝑠�̇�(𝑠)𝑒𝜇(𝑠−𝑡)𝑡

𝑠=0

𝑇

𝑡=0
     (2.9) 

with T being the time of irradiation. Substitution of 𝑁𝛽 in Equation (2.3) yields: 

𝛼𝐷 + 𝛽𝐺𝐷2 = Κ𝛼𝐷 +
𝜀Κ𝛽

2

2
(

2

𝐷2 ∫ 𝑑𝑡�̇�(𝑡) ∫ 𝑑𝑠�̇�(𝑠)𝑒𝜇(𝑠−𝑡)𝑡

𝑠=0

𝑇

𝑡=0
) 𝐷2  (2.10) 
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If α = Κ𝛼  and β = 𝜀Κ𝛽
2/2, then: 

 𝐺 =
2

𝐷2 ∫ 𝑑𝑡�̇�(𝑡) ∫ 𝑑𝑠�̇�(𝑠)𝑒𝜇(𝑠−𝑡)𝑡

𝑠=0

𝑇

𝑡=0
   (2.11) 

The integral ∫ 𝑑𝑠�̇�(𝑠)𝑒𝜇(𝑠−𝑡)𝑡

𝑠=0
 in Equation (2.11) represents the sublethal lesion that is 

formed first and the potential repair it may undergo between time t = s (when it forms) 

and t (when the second sublethal lesion forms) (17). dtḊ(t) represents the second 

sublethal lesion that interacts with the first to form a lethal lesion. 

 

The value of the Lea-Catcheside time factor ranges from 0 to 1. The value of 1 represents 

the scenario of a single acute fraction of radiation, where no repair can occur before all 

the radiation is delivered, maximizing the β damage that occurs (17). A value of G < 1 

represents a reduction in cell killing due to the repair of sublethal lesions. A value of G = 

0 represents the unique scenario where no β damage occurs and all cell death occurs by α 

damage.  

 

2.3.4 Radiobiological Parameters of the Modified LQ Model 

The modified LQ model with the generalized Lea-Catcheside time factor calculates SF 

using the dose rate as a function of time (Ḋ(t)), α, β, and μ. The latter three parameters 

(α, β, and μ) characterize the response of the irradiated cells to radiation and are 

dependent on the cell type (5). The calculation of radiobiological dose uses the α/β ratio 

and T1/2 and will be further discussed in this section.  

 

The α/β ratio determines the sensitivity of tissue to dose rate and fractionation: a low α/β 

ratio corresponds to a potential for significantly less damage when the dose rate or dose 

fraction size is reduced (18). This is illustrated in Figure 2.3, where the SF for a single 

acute treatment is plotted against dose for α damage (corresponding to an infinitely large 

α/β ratio) only, α/β = 10 Gy and α/β = ratio of 3 Gy, assuming α = 0.3 Gy-1. For the same 

α value, the β damage increases if the α/β ratio decreases. For example, at 10 Gy, the α 

damage alone results in an SF of approximately 0.05 when α = 0.3 Gy-1. For α/β = 10 and 

3 Gy, the β damage would further decrease SF to 0.0025 (5% survival for the cells 

surviving the α damage) and 2 x 10-6 (0.005%), respectively. Therefore, the modified LQ 
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model suggests that tissues with a lower α/β ratio have greater sparing potential as G 

decreases.  

 

 

Figure 2.3: Illustration of surviving fraction curves in tissue with only α damage (i.e. β = 

0), α/β = 10 Gy, and α/β = 3 Gy (with α = 0.3 Gy-1 in all three cases). For α/β = 3 Gy, the 

α and β damage are equivalent at 3 Gy and the β damage is dominant at >3 Gy.  

 

The rate of repair of sublethal lesions is described by μ, which can be expressed in terms 

of the time required to repair half of the sublethal damage in the tissue assuming a single 

exponential rate of repair (halftime of repair, T1/2) (18,19): 

𝜇 = ln(2) /𝑇1/2     (2.12) 

 

2.3.5 Limitations of the Modified LQ Model 

The modified LQ model has been widely used in radiation therapy and remains the basis 

of most radiobiological dose calculations. However, there are deviations between 

experimental and expected results using the model. This section will provide a brief 

summary of the common criticisms against the modified LQ model. 
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2.3.5.1 Overestimation of Cell Death at High Doses 

The LQ model predicts that response to higher doses of radiation will be dominated by 

the quadratic component (the β damage). However, it has been previously noted that the 

LQ model overestimates cell killing at high doses. Park et al showed that SF data of 

irradiated non-small-cell lung cancer (H460), fitted using the LQ model (with data up to 

8 Gy; dashed line in Figure 2.4) underestimated survival by an order of magnitude at 18 

Gy (20). Furthermore, it was determined that improved survival projections were 

provided by an alternative survival model that hybridizes the LQ model with the 

multitarget model to better fit survival at high doses (projection shown in solid black on 

Figure 2.4; further discussed in Section 2.3.6) (20) 

 

 

Figure 2.4: Comparison of experimental results and LQ model. The data points are 

shown as circles and the LQ model fit (performed with data ≤8 Gy) is the dashed line. 

The solid line shows the fit with the Universal Survival Curve (USC; see Section 2.3.6). 

[Reprinted with permission from: Park C, Papiez L, Zhang S, Story MM, Timmerman 

RD. Universal survival curve and single fraction equivalent dose: useful tools in 

understanding potency of ablative radiotherapy. Int J Radiat Oncol Biol Phys 

2008;70(3):847-852]. 

 

2.3.5.2 Non-Monoexponential Repair Kinetics  

The repair rate of sublethal damage in the LQ model is assumed to be monoexponential. 

However, the possibility of biexponential repair has previously been raised due to 
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growing evidence of a second repair process in animal studies (18,21). Both Millar et al 

and Pop et al have found a biexponential repair rate with a “fast” and a “slow” 

component of repair when exposing animal cells (mouse kidney cells in vitro and rat 

spinal cord in vivo, respectively) (22,23). The discrepancy between the two repair rates 

may affect calculated SFs in prolonged treatments, such as PDR BT.  

 

2.3.5.3 Reoxygenation 

Previous investigation of advanced cervical cancers has shown that patients with 

progression-free survival had higher hemoglobin levels during treatment than patients 

who developed a local recurrence (24). Despite this understanding of the effect of 

hypoxia on treatment outcome, no clinically implemented dose model considers hypoxia 

or reoxygenation (25). Therefore, the current use of the modified LQ model may 

overestimate the amount of cell killing that occurs in hypoxic tumors. 

 

2.3.5.4 Cellular Proliferation 

It has been long established that, after irradiation, there is an onset of enhanced 

proliferation (cellular repopulation) in the tumor (26). Denekamp noted that, two weeks 

after exposure to 3 Gy per day for a week, proliferation of mouse skin cells increased by 

a factor of 2 (26). The enhanced proliferation results in the reduction in the SF (and 

therefore treatment effectiveness). In addition, Barendsen conducted a review of multiple 

single acute and fractionated radiation exposures delivered to mice and rats which 

reported an LD50 (after 21 to 365 days) (5). While a wide range of responses was 

reported, an average additional 0.5 Gy per day would be required to compensate for 

proliferation in order to achieve the same LD50 in the irradiated tissue (e.g. foot, leg, 

lung) (5).  

 

The importance of the proliferation effect can also be seen in historical radiobiological 

dose models. Models such as the Nominal Standard Dose (NSD), Time, Dose, and 

Fractionation (TDF), and Cumulative Radiation Effect (CRE) correct for the length of 

treatment (11,27). While modifications may be incorporated in the LQ model and its 
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associated radiobiological doses (see Section 2.4.3.4), a method of accounting for 

proliferation is not utilized in the base or modified LQ model (Equations (2.1) and (2.2)). 

 

2.3.6 Alternatives to the LQ Model 

More complex cell survival models have been proposed, including the repair-misrepair 

model (RMR), the lethal-potential lethal model (LPL), the two-lesion kinetics model 

(TLK), and the linear-quadratic-linear (LQL) (28,29,30,31). Although these more 

complex models typically reduce to a linear-quadratic form under certain limiting 

conditions, their predictions often deviate from those of the LQ model at higher doses per 

fraction, where their accuracy has been contested (32,33). Phenomenological models 

such as the universal survival curve (USC) have also been developed to better describe 

the shape of the high dose region of the cell survival relationship (20). Brenner states that 

the LQ model has been “reasonably well validated” for doses up to 10 Gy per fraction, 

and is “reasonable for use up to about 18 Gy” (12). As typical EBRT and BT fractions for 

cervical cancer treatment do not reach these high doses per fraction, it is unclear whether 

the more complex models will provide further improvements to the calculated 

radiobiological dose. 

 

2.4 Radiobiological Dose in the LQ Model 

The LQ model is the basis for radiobiological dose calculations. The units of 

radiobiological dose associated with the LQ model are the biologically effective dose 

(BED) and equieffective dose in 2 Gy fractions (EQD2), radiobiological doses derived 

from the LQ model. This section will summarize BED, EQD2, and the calculation of 

BED for HDR, LDR, and PDR BT. 

 

2.4.1 Biologically Effective Dose (BED) 

BED is described as the theoretical total dose required to cause the same amount of cell 

death if the dose was delivered at an infinitesimally low dose rate and in infinitesimally 

small fractions separated far apart in time (11,34). As these conditions prevent any 

accumulation and integration of sublethal damage, it may also be considered as the dose 

required for having the same effect as a given treatment if G equals 0 (and also represents 
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the maximum possible dose required for the specified biological effect). The equivalency 

between a physical dose and the BED (DBED) can be obtained by equating the SF for both 

conditions: 

𝑆𝐹 = 𝑒−(𝛼𝐷+𝛽𝐺𝐷2) = 𝑒−(𝛼𝐷𝐵𝐸𝐷+𝛽(0)𝐷𝐵𝐸𝐷
2)    (2.13) 

DBED is hence determined to be: 

𝐷𝐵𝐸𝐷 = 𝐷 (1 +
𝐺𝐷

𝛼/𝛽
)     (2.14) 

As G is unitless, the units for DBED are the same as D (Gy). To distinguish BED from 

physical dose, all quantities of BED will be described as “Gy BED”. Another 

interpretation of the relationship between BED and the physical dose is to consider the 

BED as a product of physical dose and a “relative effectiveness” (RE) factor (5): 

𝐷𝐵𝐸𝐷 = 𝐷(𝑅𝐸)     (2.15) 

where RE is defined as (10): 

𝑅𝐸 = 1 +
𝛽 damage

𝛼 damage
= (1 +

𝛽𝐺𝐷2

𝛼𝐷
)    (2.16) 

In this regard, RE can be considered as the ratio of Gy BED to physical Gy and ranges 

from 1 (when G = 0) to  1 + D/(α/β) (when G = 1).  

 

2.4.2 Equieffective Dose in 2 Gy Fractions (EQD2) 

While the BED provides a useful metric to compare different treatments, it does not 

provide an intuitive understanding of the amount of physical radiation required to deliver 

the radiobiological dose as “infinitesimally low dose rate” treatments in “infinitesimally 

small fractions” do not exist in radiation oncology. A conversion to 2 Gy fractions, the 

conventional EBRT fraction size, provides a common ground for comparison with 

clinical experience (27). The EQD2 provides this translation by converting the BED 

(dose delivered in infinitesimally small fractions) to the dose required to have the same 

effect when dose is delivered in 2 Gy well separated fractions (35).  

 

The relationship between EQD2 (DEQD2) and BED is (10,35): 

𝐷𝐸𝑄𝐷2 = 𝐷𝐵𝐸𝐷/(1 + (2 (𝛼 𝛽⁄ )⁄ )) =
𝐷(1+𝐺𝐷/(𝛼/𝛽))

(1+(2 (𝛼 𝛽⁄ )⁄ ))
    (2.17) 

All references to units of EQD2 will be in the form of “Gy EDQ2”. 
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2.4.3 BED Equations for Cervical Cancer BT 

As shown in Equation (2.14), the calculation of BED for radiation treatments requires 

determination of the associated G factor. As HDR, LDR, and PDR BT all deliver 

radiation in widely different treatment schedules, each requires its own derivation of 

BED.  

 

2.4.3.1 EBRT and HDR BT 

EBRT and HDR BT are both high dose rate treatments with fractions well separated in 

time. Therefore, their BED is calculated in the same manner (6,7). Based on the currently 

accepted values for T1/2 and the sufficiently separated fractionation schedules of EBRT 

(typically one fraction a day) and HDR (typically, one fraction a day), dose calculations 

for both treatments assume complete sublethal damage repair in between fractions (36). 

As a result, the SF following fractionated EBRT or HDR BT could be considered as the 

product of survival after multiple separate single acute fractions. For a single acute 

fraction of dose d, SF = e−(αd+βd2), as shown in Equation (2.1). If the second fraction of 

dose d was delivered after all sublethal damage from the first fraction was repaired, then 

the SF after 2 fractions (SF2 fr) would be: 

𝑆𝐹2 fr = 𝑆𝐹2 = 𝑒−2(𝛼𝑑+𝛽𝑑2)     (2.18) 

If this process was repeated for N fractions, the SF (SFN fr) would be  

𝑆𝐹𝑁 fr = 𝑒−𝑁(𝛼𝑑+𝛽𝑑2)     (2.19) 

By substituting SFN fr into Equation (2.13) (11,34): 

𝐷𝐵𝐸𝐷 = 𝑁𝑑 (1 +
𝑑

𝛼/𝛽
)     (2.20) 

This method of calculating BED applies for both HDR BT (DBED,HDR) and EBRT 

(DBED,EBRT). By comparison to Equation (2.14), G for these fractionated treatments 

equals 1/N. Therefore, the greater the fractionation, the greater the sparing compared to 

the delivery of a single acute fraction of radiation. 

 

Equation (2.20) assumes a complete repair of sublethal damage between fractions. This 

may not be true when the time between fractions decreases. If this time is shortened to 

the point that not all previously generated sublethal lesions are fully repaired before a 
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new fraction is delivered, sublethal lesions created by two different fractions can interact 

to form lethal lesions (18).  

 

Two models have been developed to quantify incomplete repair for acute fractions of 

radiation. The first is the Thames model, which has been previously used in cervical 

cancer studies (37,38). It introduces the factor HN to represent the amount of incomplete 

repair remaining at the start of each fraction assuming monoexponential repair and is 

based on a generalization of the split dose SF model presented by Oliver (39,40): 

𝐻𝑁 = (
2

𝑁
) (

𝑘

1−𝑘
) (

𝑁−(1−𝑘𝑁)

1−𝑘
)    (2.21) 

where N is the number of fractions and k is a function of the repair rate that depends on 

the time interval between fractions (x) (39): 

𝑘 = 𝑒−𝜇𝑥    (2.22) 

The value of HN is positive and approaches 0 if sufficient time is provided between 

fractions. The BED formula, including HN, for an N fraction treatment delivering equal 

dose d per fraction, is given as (39): 

𝐷𝐵𝐸𝐷 =  𝑁𝑑 (1 +
𝑑(1+𝐻𝑁)

𝛼/𝛽
)    (2.23) 

For fractionated treatments that are sufficiently separated, where complete sublethal 

damage repair occurs and the value of HN decreases to 0, Equation (2.23) simplifies to 

(2.20).  

 

Dale reported an alternative method for quantifying the relative effectiveness for multiple 

acute fractions of radiation (utilizing Equation (2.16)) (41): 

𝑅𝐸 = 1 + (
1

𝛼/𝛽
) (

𝑑

𝑁
) (

𝑁(1−𝑘2)−2𝑘(1−𝑘𝑁)

(1−𝑘)2
)   (2.24) 

This value is equivalent to the method of calculating BED derived by Thames (39). If 

Dale’s definition of RE is equated to Equation (2.23) with Equation (2.15), then: 

𝐷 (1 + (
1

𝛼/𝛽
) (

𝑑

𝑁
) (

𝑁(1−𝑘2)−2𝑘(1−𝑘𝑁)

(1−𝑘)2
)) = 𝑁𝑑 (1 +

𝑑(1+𝐻𝑁)

𝛼/𝛽
) (2.25) 

which can be simplified to: 

(
1

𝑁
) (

𝑁(1−𝑘2)−2𝑘(1−𝑘𝑁)

(1−𝑘)2
) = 1 + 𝐻𝑁   (2.26) 
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When HN is isolated in Equation (2.26), the value of HN matches the form in Equation 

(2.21), validating that both equations are equivalent. 

 

2.4.3.2 LDR BT 

Though LDR BT for cervical cancer is not widely used currently, the calculation of BED 

for LDR BT can provide insight into the derivation of BED for PDR BT. 

 

LDR BT is considered a single continuous irradiation that starts at time t = 0, has a 

duration period of T, and delivers radiation at a constant dose rate of R. From Equation 

(2.11), the value of the generalized Lea-Catcheside time factor becomes: 

G = 2
𝑅2

𝐷2 ∫ 𝑑𝑡 ∫ 𝑑𝑠𝑒𝜇(𝑠−𝑡)𝑡

𝑠=0

𝑇

𝑡=0
                                 (2.27) 

Solving the second integration yields: 

G = 2
𝑅2

𝐷2 ∫ 𝑑𝑡
1−𝑒−𝜇𝑡

𝜇

𝑇

𝑡=0
                                            (2.28) 

The final form of G, on solving the integration in Equation (2.28), is: 

G = 2
𝑅2

𝐷2

𝜇𝑇+𝑒−𝜇𝑇−1

𝜇2                                                (2.29) 

The BED for LDR (DBED,LDR) is obtained by substituting this value of G in Equation 

(2.14): 

𝐷𝐵𝐸𝐷,𝐿𝐷𝑅 = 𝐷 (1 + 2
𝑅𝜇𝑇+𝑅𝑒−𝜇𝑇−𝑅

𝐷𝜇2

𝑅

𝛼/𝛽
)   (2.30) 

which simplifies to (through substitution of 𝑅 = 𝐷/𝑇): 

𝐷𝐵𝐸𝐷,𝐿𝐷𝑅 = 𝐷 (1 +
2

𝜇𝑇
(T −

1

𝜇𝑇
[1 − 𝑒−𝜇𝑇])

𝐷

𝛼/𝛽
)   (2.31) 

 

2.4.3.3 PDR BT  

In PDR BT, multiple characteristics of the treatment delivery must be considered, such as 

the number of pulses (N), length of each pulse (T), dose rate during the pulse (R), and 

time between the end of one pulse to the start of the next (pulse interval; x). This 

derivation will follow the one detailed by Dale et al, which calculates the amount of β 

damage and α damage that occurred, and then substitutes the results into Equation (2.16) 

(42). It is assumed that multiple equal pulses are delivered regularly (e.g. hourly) and that 

the dose rate during a pulse is constant. 



48 

 

The β damage generated during each pulse is determined in the same manner as for a 

protracted fraction of radiation (41). All potential lethal β damage is characterized as a 

series of paired sites for radiation to “hit”. The damage depends on the number of targets 

hit after irradiation: no damage occurs if neither target is hit (Figure 2.5(a)), sublethal 

damage occurs only if one site is hit (Figure 2.5(b)), while damage to both sites results in 

lethal damage (Figure 2.5(c)). 

 

 
Figure 2.5: Sites of sublethal damage during irradiation appearing in the derivation of 

relative effectiveness by Dale et al (42). Radiation hits on two potential sites (open 

circles) may result in (a) no damage if neither site is hit, (b) sublethal damage if one site 

is hit, and (c) lethal damage if both sites are hit. Lethal damage on a site is indicated by 

the filled black circles. 

 

In a short time dt, the probability of sublethal damage in either site (Psublethal) is given by 

 𝑃𝑠𝑢𝑏𝑙𝑒𝑡ℎ𝑎𝑙 = 2𝑝𝑅𝑑𝑡, where p is the probability that a sublethal event occurs per unit dose 

(assumed to be small) (41). However, the repair is monoexponential (sublethal repair 

decays with respect to time at a rate of e-μt). Therefore, the probability that the sublethal 

damage forms but does not get repaired by time t is given by: 

𝑃𝑠𝑢𝑏𝑙𝑒𝑡ℎ𝑎𝑙(𝑡) = 2𝑝𝑅𝑒−𝜇𝑡𝑑𝑡                                          (2.32) 

While this characterizes the damage after irradiation for a short time, pulses are usually 

prolonged. Therefore, the probability that sublethal damage has occurred and is not 
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repaired after continuous irradiation for a length of time T is given by the integration of 

Equation (2.32) in t (41): 

𝑃𝑠𝑢𝑏𝑙𝑒𝑡ℎ𝑎𝑙(𝑇) = ∫ 2𝑝𝑅𝑒−𝜇𝑡𝑑𝑡
𝑇

𝑡=0
=

2𝑝𝑅

𝜇
(1 − 𝑒−𝜇𝑡)                      (2.33) 

In PDR BT, sublethal damage repair continues during the interval between pulses, x, 

when no radiation is delivered. Therefore, the probability that the radiation damage 

remains is 
2pR

μ
YK, where K =  e−μx and Y = 1 − e−μT. After the second pulse of 

radiation, the probability of sublethal damage (again, assuming that p is small) is 

approximately the sum of the probability of sublethal damage forming from the first 

pulse and the second pulse: 

𝑃𝑠𝑢𝑏𝑙𝑒𝑡ℎ𝑎𝑙(𝑡) =
2𝑝𝑅

𝜇
𝑌𝐾𝑒−𝜇𝑡 +

2𝑝𝑅

𝜇
(1 − 𝑒−𝜇𝑡)                           (2.34) 

At any point in time, the second target may also be inflicted a sublethal damage, which 

occurs with a possibility of pRdt. Therefore, the probability of lethal damage in a single 

potential lethal lesion site, Plethal, during the second pulse is: 

𝑃𝑙𝑒𝑡ℎ𝑎𝑙(𝑡) = 𝜀 [
2𝑝𝑅

𝜇
𝑌𝐾𝑒−𝜇𝑡 +

2𝑝𝑅

𝜇
(1 − 𝑒−𝜇𝑡)] 𝑝𝑅𝑑𝑡                        (2.35) 

where 𝜀 is the probability of interaction. If there are n sites for interaction, then the 

number of interactions during the second pulse (β damage; B(2)) is given by: 

𝐵(2) = 𝜀𝑛
2𝑝2𝑅2

𝜇
∫ [𝑌𝐾𝑒−𝜇𝑡 + 1 − 𝑒−𝜇𝑡]𝑑𝑡

𝑇

𝑡=0
=

2𝛽𝑅2

𝜇
[𝑇 −

1

𝜇
(𝑌 − 𝐾𝑌2)]    (2.36) 

where t = 0 is defined as the beginning of the second pulse and β = nεp2. If additional 

pulses are added and z = e−μT, B(N) for the Nth pulse has the following results: 

𝐵(1) =
2𝛽𝑅2

𝜇
[𝑇 −

1

𝜇
(𝑌)]     (2.37) 

𝐵(2) =
2𝛽𝑅2

𝜇
[𝑇 −

1

𝜇
(𝑌 − 𝐾𝑌2)]     (2.38) 

𝐵(3) =
2𝛽𝑅2

𝜇
[𝑇 −

1

𝜇
(𝑌 − 𝐾𝑌2 − 𝐾2𝑧𝑌2)]     (2.39) 

Therefore, for N pulses: 

𝐵(𝑁) =
2𝛽𝑅2

𝜇
[𝑇 −

1

𝜇
(𝑌 − 𝐾𝑌2 − 𝐾2𝑧𝑌2 − ⋯ − 𝐾𝑁−1𝑧𝑁−2𝑌2)]     (2.40) 

The sum of all β damage from all N pulses (TB) is then given as the sum of B(1) to B(N): 
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𝑇𝐵(𝑁) =
2𝛽𝑅2

𝜇
[𝑁𝑇 −

1

𝜇
(𝑁𝑌 − (𝑁 − 1)𝐾𝑌2 − (𝑁 − 2)𝐾2𝑧𝑌2 − ⋯ − 𝐾𝑁−1𝑧𝑁−2𝑌2)]   

(2.41) 

This may be simplified to (42): 

𝐵(𝑁) =
2𝛽𝑅2

𝜇
[𝑁𝑇 −

1

𝜇
(𝑁𝑌 − 𝑆𝑌2)]     (2.42) 

where S is given by (42): 

𝑆 =
𝑁𝐾−𝐾−𝑁𝐾2𝑧+𝐾𝑁+1𝑧𝑁

(1−𝐾𝑧)2
        (2.43) 

To calculate RE, the α damage must be determined as well, which is proportional to the 

total dose, and is thus given by αNRT (42). Substituting the α and β damages into 

Equation (2.16), the BED for PDR, DBED,PDR, can be calculated using Equation (2.15): 

 𝐷𝐵𝐸𝐷,𝑃𝐷𝑅 = 𝑁𝑅𝑇 (1 +

2𝛽𝑅2

𝜇
[𝑁𝑇−

1

𝜇
(𝑁𝑌−𝑆𝑌2)]

𝛼𝑁𝑅𝑇
) = 𝑁𝑑𝑝 (1 +

𝑑𝑝(
2

𝜇𝑇
)[1−

1

𝑁𝜇𝑇
(𝑁𝑌−𝑆𝑌2)]

(𝛼/𝛽)
)  (2.44) 

where dp is the dose per pulse (R/T). Following the definition in Equation (2.14), the 

value of G for PDR can be given as: 

𝐺 =  
2[1−

1

𝑁𝜇𝑇
(𝑁𝑌−𝑆𝑌2)]

𝑁𝜇𝑇
      (2.45) 

 

2.4.3.4 Proposed Proliferation Correction for BED Calculations 

It has been previously demonstrated that after irradiation, there is an onset of enhanced 

tumor proliferation (26). This proliferation can replace cells lost to radiation and reduce 

the effectiveness of a radiation treatment. As Fowler notes, lack of consideration for the 

OTT in the base form of the LQ model is a major criticism as longer treatments may have 

to contend with a greater amount of proliferation (27). An example was shown in Chapter 

1, where the extension of OTT by 1 week correlated to a decrease in the HR-CTV D90 of 

5 Gy EQD2 (43). 

 

Fowler introduced a simple modification to the LQ model to include OTT by introducing 

an exponential factor into the LQ model that “works in the reverse direction to the killing 

effect of radiation”, eγ∆T (11). γ represents the rate of enhanced proliferation of the tumor 

after radiation and ΔT represents the duration the tumor undergoes accelerated 

proliferation (11). When applied to Equation (2.2): 
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𝑆𝐹 = 𝑒−(𝛼𝐷+𝛽𝐺𝐷2)𝑒𝛾∆𝑇     (2.46) 

γ is defined similarly to T1/2, assuming monoexponential growth in the tumor after 

irradiation: 

𝛾 = ln(2) /𝑇𝑝𝑜𝑡     (2.47) 

where Tpot is the “potential doubling time”, the time required to double the number of 

proliferating cells in the absence of spontaneous cell loss (44). 

 

The value of ΔT was given by Fowler as (11): 

 (2.48) 

 

where Tkickoff is the “kickoff time”, the length of time between radiation delivery and the 

start of increased tumor proliferation. It is assumed that there is no proliferation prior to 

this time. 

 

The impact of the proliferation on BED can be determined by redefining DBED (Equation 

(2.13)) with the inclusion of the proliferation correction factor: 

𝑆𝐹 = 𝑒−(𝛼𝐷+𝛽𝐺𝐷2−𝛾∆𝑇) = 𝑒−(𝛼𝐷𝐵𝐸𝐷+𝛽(0)𝐷𝐵𝐸𝐷
2)    (2.49) 

Once again isolating for DBED yields (11): 

𝐷𝐵𝐸𝐷 = 𝐷 (1 +
𝐺𝐷

𝛼/𝛽
) −

ln(2)∆𝑇

𝑇𝑝𝑜𝑡𝛼
= 𝐷𝐵𝐸𝐷,0 −

ln(2)∆𝑇

𝑇𝑝𝑜𝑡𝛼
  (2.50) 

where 𝐷𝐵𝐸𝐷,0 represents the dose without proliferation correction. Typically, cervical 

cancer treatments including EBRT and the BT boost can be completed within 7 – 8 

weeks (6). It should be noted that the OTT used in Equation (2.48) is simply the time 

interval between the first and final fractions of radiation treatment. Thus, for a given 

OTT, any differences in how the treatments are scheduled or delivered are ignored in the 

calculation of the proliferation correction. In other words, a delay towards the start of 

treatment would be treated as equivalent to the same length of delay towards the end of 

treatment. Underlying this is the assumption of simple exponential repopulation 

dynamics (after Tkickoff) that produce the commonly reported linear reduction in 

radiobiological dose as a function of OTT (e.g. a given dose per day) (5,11,45).  
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The direct application of a proliferation factor in clinical prescription is not common and 

is instead provided in terms of OTT limits. The EMBRACE II guidelines highlight the 

need to limit the OTT to less than 50 days (7). 

 

2.5 Application of Radiobiological Dose in Cervical Cancer  

Section 2.4 provides a framework to calculate radiobiological dose for a single 

component of treatment. However, the sole use of EBRT or BT alone is uncommon 

outside of radical BT for locally advanced cervical cancer (6). The use of radiobiological 

dose, in particular BED and EQD2, allows for the summation of both radiation 

techniques. This section will summarize the application of radiobiological dose to 

cervical cancer radiation treatments.  

 

2.5.1 Conventional Parameter Assumptions 

The calculation of radiobiological dose requires the α/β ratio and, for all situations 

outside of well separated fractions, T1/2. A wide range of values, for both tumor and 

normal tissue, have been identified in the literature for these parameters (46,47,48). 

Kelland and Steel irradiated multiple cervical cancer cells, acquired via biopsy, in vitro. 

By fitting the results to the modified LQ model, α/β ratios were found to be in the range 

of 6.0 to 16.5 Gy and T1/2 values from 0.26 to 5.7 hours. A similar wide range was found 

for surrounding normal tissue. By fitting the Lyman-Kutcher-Burman model to normal 

tissue complications of rectal damage (grade 2 or higher toxicity), Marzi et al and Tucker 

et al found α/β ratios of 2.3 and 4.8 Gy, respectively (47,48). In addition, Fowler reported 

the most likely T1/2 of rectal and bladder tissue ranged between 1.5 to 2.5 hours when 

assuming an α/β ratio of 2 to 4 Gy (49). However, Roberts et al, found a most likely 

value of normal tissue T1/2 to be 0.5 hours assuming an α/β ratio of 3 Gy (50). 

 

The conventionally assumed values for α/β are 10 Gy for the tumor and 3 Gy for the 

OARs, while T1/2 is taken as 1.5 hours for both tissues (6,7). The gynecological GEC-

ESTRO working group also uses these values (51). Fowler noted that the selection of T1/2 

= 1.5 hours has been assumed for many years without precise justification beyond a lack 

of contradicting clinical evidence (49).  
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2.5.2 Sample Dose Calculation   

As noted in Chapter 1, current dose prescriptions for targets and tolerance dose limits for 

OARs are given in units of Gy EQD2 for a combined course of EBRT and BT boost. An 

example (dose to the HR-CTV) is given in this section to highlight the application of 

Section 2.4. Consider a radiation treatment including EBRT and BT delivered to the HR-

CTV. The EBRT dose of 45 Gy in 1.8 Gy daily fractions is delivered over 5 weeks. This 

is followed by a PDR BT boost delivered in 58 hourly pulses of 0.73 Gy/pulse to the HR-

CTV D90. Let the pulse delivery period be 15 min/pulse. Assuming the conventional 

radiobiological parameters for tumor (α/β = 10 Gy, T1/2 = 1.5 hours), the EBRT delivers 

44.2 Gy EQD2 while the PDR delivers 46.1 Gy EQD2. The combined dose from EBRT 

and BT to the HR-CTV D90 is thus 90.3 Gy EQD2, which meets the dose 

recommendations of the EMBRACE II study (7). Assuming no interruptions, the overall 

treatment can be completed in 38 days (5 weeks of EBRT delivered on weekdays, 

followed by BT as soon as possible in week 6) which is less than the recommended OTT 

of 50 days (7). 

 

2.5.3 Calculation of Equivalency Between BT Treatments 

The definition of BED (and therefore EQD2) in Equation (2.14) states that two treatments 

that have the same radiobiological dose will have the same SF in the irradiated tissue. 

This would suggest that the two treatments would also have equivalent radiobiological 

outcomes, allowing for the conversion of one treatment to another. For example, the 

radiobiological dose delivered by a four fraction HDR BT treatment of 7.75 Gy each to 

the HR-CTV D90 would be similar to a 58 pulse PDR BT delivering 0.73 Gy/pulse (45.9 

vs 46.1 Gy EQD2, respectively).  

 

2.5.3.1 Theoretical Advantage of PDR over HDR BT 

As noted in Chapter 1, PDR BT’s lower hourly dose rate could reduce OAR toxicity 

compared to HDR BT (52). This can be seen by comparing the radiobiological dose 

delivered during a BT boost. 
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Consider the two BT boosts discussed in Section 2.5.3. Assuming the conventional 

radiobiological parameter values, the radiobiological dose to the tumor is approximately 

the same for these two treatments. However, if the same BT boost dose was received by 

an OAR (conventional α/β = 3 Gy), a higher radiobiological dose would be delivered by 

HDR (66.7 Gy EQD2) than by PDR (51.4 Gy EQD2). This suggests that, when 

delivering the same tumor dose, PDR BT may reduce the dose delivered to the OARs, 

thereby reducing the potential radiation damage to normal tissue. 

 

While the discussion involved the OAR receiving the same dose as the HR-CTV D90, the 

same trend in the results occurs when the OAR dose is reduced. Guerrero and Li 

introduced a “sparing factor”, the reduction of dose that an OARs receives compared to 

the tumor dose, in order to explain inconsistencies in the reported OAR T1/2 (53). If a 

sparing factor of 0.7 was used (i.e. physical dose to the OAR was 70% of the tumor), as 

determined by Guerrero and Li to yield a consistent T1/2 in their analysis of previous 

studies, the same theoretical advantages of PDR remain, i.e. HDR (36.6 Gy EQD2) still 

delivers a higher radiobiological dose than PDR (30.5 Gy EQD2).  

 

2.6 Thesis Objective 

There is currently a wide range of radiobiological parameter values reported for cervical 

cancer and OARs (further discussed in Chapter 3). However, the conventionally selected 

parameter values have been primarily assumed for many years despite a lack of direct 

supporting evidence (49). Yet there have been minimal studies exploring the impacts of 

these parameter variances. The use of radiobiologically-oriented dose prescriptions 

demands a mature understanding of the underlying radiobiological model and its 

limitations. Appreciating how the dose modeling process can lead to misestimation of 

cellular dose effects, and in turn, treatment outcomes, can help clinical teams design more 

robust radiation treatment regimens for curing locally advanced cervical cancer.  

 

This research aims to generate a theoretical and practical correlation between the 

radiobiological parameters used in radiotherapy dose prescription and cervical cancer 

treatment outcomes. A comprehensive evaluation of radiobiological dose calculation and 
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the associated parameters was conducted, a study that has not been performed previously. 

Additionally, the lack of justification for recommended radiobiological parameter values 

was addressed through a series of radiation experiments on cervical cancer cell lines in 

conditions closely replicating clinical treatments using HDR and PDR BT. This produced 

data to derive radiobiological parameters and was conducted in three parts to address the 

concerns identified above: 

 

A. Radiobiological dose modeling and dosimetry study: Evaluate the effect of 

radiobiological parameter uncertainties on the estimated efficacy of different 

cervical cancer BT treatment regimens (varying dose rates, fractionation schemes, 

and OTT). 

B. Experimental investigation of biological parameters: Evaluate biological 

responses of cervical cancer tumor tissue when treated with different doses and 

dose rates in order to reduce uncertainties identified in the radiobiological 

modeling and dosimetry study.  

C. Comprehensive estimation of uncertainties associated with cell survival 

experiments: Identify and determine the uncertainties involved in the preparation 

of the cells, irradiation of the cells, and counting of the cell colonies after 

irradiation.  
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CHAPTER 3 

PREVIOUSLY REPORTED PARAMETER VALUES AND THEIR IMPACT ON 

RADIOBIOLOGICAL DOSE 

 

A version of this chapter has been published as: Chow B, Warkentin B, Menon G. 

Radiobiological dose calculation parameters for cervix cancer brachytherapy: A systematic 

review. Brachytherapy 2019;18(4):546-558. 

 

3.1 Introduction 

The use of radiobiological dose prescriptions in cervical cancer treatment planning represents an 

important dosimetric change as it incorporates the relationship between cellular response factors 

and dose delivery parameters to better predict treatment outcomes (1,2). Clinical outcomes data 

suggest that such factors play a significant role in cervical cancer patient outcomes (3,4,5). 

Therefore, their incorporation combined with accurate parameter selection is essential for 

meaningful dosimetry comparisons of different BT treatments.  

 

The calculation of radiobiological dose, either BED or EQD2, requires the use of several 

parameters. This includes parameters characterizing the treatment (e.g. pulse time of PDR BT, 

overall treatment time) and radiobiological parameters characterizing the dose response of 

irradiated tissue (e.g. α, β, T1/2). While there are recommended parameter values, they are not 

definitive (6,7).  

 

An increasing reliance on radiobiological dose, and therefore on the assumed radiobiological 

parameter values, highlights the necessity of a full understanding of the underlying 

radiobiological models; variances in the assumed radiobiological parameter values can strongly 

affect the calculated dose (8,9). Uncertainties in radiobiological parameters and discrepancies 

between the conventionally assumed values and experimentally determined results (as seen in 

Tables 3.1 to 3.5) could affect the equivalency in delivered radiobiological dose between 

treatments and, therefore, clinical outcome. Despite this, there has been no comprehensive 

evaluation of all the radiobiological parameters associated with cervical cancer BT. As such, a 

detailed review of the published values of radiobiological parameters and their potential impact 
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on calculated radiobiological dose is necessary. This chapter provides context to the 

radiobiological parameter values shown in Tables 3.1 to 3.5, summarizes the potential variance 

in radiobiological dose that may occur in clinical dose calculations when using the parameter 

values reported, and highlights potential pitfalls in the current approach to dose calculation. 

 

3.2 Estimation of Parameters Used in Dose Calculation 

 

3.2.1 α and β 

Estimation of the α/β ratio of cervical cancers generally includes the estimation of the two 

parameters α and β. Multiple groups have investigated values of α and β for cervical cancer 

tumors with more studies focused on α estimation as it is important for radiobiological dose 

calculations when proliferation is considered. For five cervical cancer strains tested in vitro, 

Kelland and Steel found a median [min - max] α value of 0.33 [0.18 - 0.61] Gy-1 and a median β 

value of 0.026 [0.020 - 0.069] Gy-2 (10). Chapman and Nahum used West et al’s experimental 

data on surviving fractions to get an α value of 0.35 ± 0.21 Gy-1 and a β value of 0.06 Gy-2 (no 

standard deviation provided) for cervical cancer tissue (11,12). Similarly, Roberts et al, in a 

clinical outcomes study, estimated the α value of cervical cancer tumors to be 0.13 [95% 

confidence interval (CI) of 0.06 - 0.20] Gy-1 when assuming a T1/2 of 1.5 hr (13). Hall and 

Giaccia have stated that an α value of 0.3 ± 0.1 Gy-1 was reasonable for all tissue when used in 

the LQ model (14). Similar values were referenced by Gasinska et al, who assumed an α value of 

0.2 Gy-1 for radioresistant tissues and 0.3 - 0.4 Gy-1 for radiosensitive tissue (15).  

 

The value of the α/β ratio can vary widely depending on the type of tissue (16). Late responding 

normal tissue is associated with an α/β ratio of 1 to 6 Gy and early responding normal tissue has 

been found to have an α/β ratio ranging from 7 to 10 Gy (6). Tumors typically have α/β ratios 

similar to early responding normal tissue and are often within the range of 7 to 20 Gy (6). As 

noted previously, Kelland and Steel determined the values of α and β for a series of in vitro 

experiments of human cervical cancer cell lines using LDR treatment to establish a median α/β 

ratio of 11.5 [6.0 - 16.5] Gy (10). Conventionally, including the values recommended in the 

ICRU 89 report, α/β ratios of 3 and 10 Gy are used for late and early responding tissue (including 

tumors), respectively (6,7).  



63 

 

3.2.2 T1/2 

The conventional value of 1.5 hours for T1/2 is recommended by GEC-ESTRO (6). According to 

Fowler, this has been assumed for many years “with no precise justification except its failure to 

contradict clinical information” (17). There is a significant discrepancy between the experimental 

and recommended values for T1/2 for tumor cells. The previously mentioned study by Kelland 

and Steel determined a median T1/2 of 1.9 [0.26 - 5.7] hours (10). Based on clinical outcomes, 

Roberts et al determined the highest likelihood of T1/2 for tumor cells to be 0.25 hours if the 

conventional α/β ratio of 10 Gy was assumed, while a T1/2 of 1.5 hours was likely only if the α/β 

ratio was over 50 Gy (13).  

 

The T1/2 for normal tissue is similarly contested. Considering the increase in reported 

complications in the vagina, urinary tract, and bowel in a clinical outcomes study involving 

different LDR BT treatments for cervical cancer, Fowler estimated T1/2 to likely range from 1.5 

to 2.5 hours (17). However, Roberts et al indicated that, assuming an α/β ratio of 3 Gy, the most 

likely range of T1/2 values for normal tissue was 0.32 to 1.11 hours (13). Guerrero and Li bridged 

this inconsistency in results through the introduction of a sparing factor (see Section 2.5.3.1), the 

reduction of physical dose received in normal tissue compared to the tumor, into Fowler’s 

calculations (18). Based on their investigation, they estimated the halftime of repair for normal 

bladder and rectum tissue to be in the range of 0.20 to 0.40 hours, assuming an α/β ratio of 3 Gy.  

 

3.2.3 Proliferation Parameters (Tkickoff, Tpot) 

The OTT has been correlated to treatment outcomes in several studies. Chen et al found that 

prolonging HDR treatments in cervical cancer patients with an OTT equal to or exceeding 63 

days resulted in a significantly lower 5-year cause-specific survival compared to patients with an 

OTT shorter than 63 days (65% and 83%, respectively) (19). Also, Gasinska et al, Song et al, 

Tanderup et al, and Tergas et al found that cervical cancer patient outcomes improved for 

treatments with an OTT of less than 60, 56, 49, and 70 days, respectively (15,20,21,22). ICRU 

89 recommends that the OTT not exceed 55 days (6). 

 

Tkickoff and Tpot are parameters used to incorporate cellular proliferation in dose calculations (see 

Section 2.4.3.4). To determine the influence of OTT on BED in cervical cancer, Gasinska et al 
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assumed a range of Tkickoff values (21, 28, and 35 days) (15). Later studies have used the lower 

value of 21 days, which was considered a conservative option in the calculation of 

radiobiological dose (15,23,24). Huang et al, based on outcomes data, estimated Tkickoff to be 

approximately 19 [95% CI of 11 - 22] days (25).  

 

Two groups have put considerable effort into calculating possible values of Tpot for cervical 

cancers (26,27). Using a cohort of 66 patients, Tsang et al found a median Tpot of 5.0 [1.2 - 42.1] 

days using bromodeoxyuridine (BrdUrd) labeling of cervical cancer biopsies (26). Using the 

same method, Bolger et al in two different studies with over 120 cervical cancer patients in each 

study, determined median Tpot values of 4.4 [3.1 - 6.4, interquartile range] days and 4.0 [3.1 - 

6.3, interquartile range] days, respectively (27,28). Gasinska et al also conducted BrdUrd 

labeling in 229 patients and determined a mean Tpot of 6.8 ± 7.4 days with a full range of 1.4 to 

75 days (15). A possible reason for these variances could be the large amount of interlaboratory 

deviation caused by systematic differences in operator reporting patterns between laboratories 

during BrdUrd labeling of cervical tumor biopsies (29). Further deviation may be caused by 

differences in the sample population; Symonds et al notes that Tpot may decrease with disease 

progression (30). 

 

3.2.4 Summary of Conventional Recommendations and Other Reported Values 

Tables 3.1 to 3.4 provide a summary of both the conventional recommendations and other 

published values for the α/β ratio and T1/2, and the methodology of the estimation. There are no 

conventionally recommended values for α, Tkickoff, and Tpot. Instead of calculating the effects of 

proliferation, limitations are typically recommended for the maximum OTT. Table 3.5 provides a 

summary of reported values for parameters used when considering proliferation effects.  
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Table 3.1: Reported α/β ratios for tumor tissue.  
  Conventional 

recommendation  

(6,7) 

Other reported values  

(references in brackets) 

Methodology of estimation 

α/β ratio for tumor 

(Gy) 

10 20.8  - ∞ (13) a Review of reported patient 

outcomes using Kaplan-Meier 

survival curves and Cox regression 

analysis of 5-year follow up data of 

patients who received LDR BT. 

This range of values (95% CI) was 

determined as most likely 

assuming a tumor T1/2 of 1.5 hours.  

 

  6.0 - 16.5 (10) 

 

 

 

 

 

 

Calculation of survival curves of 

human cervical cancer lines 

(acquired via biopsy) at three 

different dose rates (0.016, 0.032, 

and 1.5 Gy/min) for a total 

physical dose up to 16 Gy. Values 

of α, β, and T1/2 were estimated 

from the survival curves.  

 

  5.9 - 20.9 (31) 

 

Analysis of previously published 

data by Kelland and Steel (10). 

Maximum likelihood method was 

used as opposed to a best-fit from a 

covariance matrix as used in the 

original study. Values of α, β, and 

T1/2 were estimated.  

 

  6 - 14 (32) 

 

Review of data from a variety of 

human tumors from different sites 

irradiated in situ, including 

sarcomas and melanomas. While 

citing multiple technical issues 

with measurement results, it was 

suggested that the vast majority of 

previous research supported that 

tumors have an α/β ratio above 8 

Gy. 

 
a Roberts et al report a β/α 95% confidence range of -0.018 to 0.048 Gy-1. A β/α approaching 0 

would correspond to an infinitely large value for α/β. 
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Table 3.2: Reported α/β ratios for late responding normal tissue.  
 Conventional 

recommendation  

(6,7) 

Other reported values  

(references in brackets) 

Methodology of estimation 

α/β ratio for late 

responding normal 

tissue (Gy) 

3 4.3 (Rectum only, 33) Logistic regression analysis of 327 

cases of stage IIb and III cervical 

carcinoma patients treated with 

EBRT and intracavitary BT 

between 1971 and 1980. 

Complications were determined 

based on organ morbidity at the 

time of death. 

 

  4.8 (Rectum only, 34) 

 

 

 

 

 

 

Utilized the Lyman-Kutcher-

Burman (LKB) model for normal 

tissue complication probability 

(NTCP) to fit data from patients in 

the RTOG 94-06 database with 

grade 2 or higher late rectal 

toxicity (35). A likelihood ratio test 

was used to determine whether an 

LQ-corrected LKB model fit the 

data better than the LKB model 

based on physical dose alone. 

 

  5.4 (Rectum only, 36) Analysis of multiple publications 

reporting late rectal toxicity of 

grade 2 or higher. Rectal toxicity 

was plotted against the EQD2 for 

the rectum; the data was best fit 

when using an α/β ratio of 5.4 Gy. 

 

  2.3 (Rectum only, 37) Utilized the LKB model for NTCP 

to fit data from 162 prostate cancer 

patients treated in a randomized 

trial. Patients with a grade 2 or 

higher rectal toxicity were 

considered to have organ morbidity 

and results were fit using the 

maximum likelihood method. 

    

  2.5 (5) 

 

Review of data published from in 

vivo irradiation of skin, lung, 

spinal cord, brain, kidney, and 

bone marrow tissue from mice, 

rabbits, and humans. Two distinct 

groups of tissue were found with 

approximate α/β ratios of 10 Gy 

and 2.5 Gy. The latter group was 

later associated with late 

responding normal tissue. 

 

  3.4 - 4.5 (38) 

 

No rationale provided. 

 

 

 

 



67 

 

Table 3.3: Reported T1/2 values for tumor tissue. 
 Conventional 

recommendation  

(6,7) 

Other reported values  

(references in brackets) 

Methodology of estimation 

T1/2  for tumor (hr)  1.5 0.0 - 0.64 (13) 

 

Review of reported patient 

outcomes using Kaplan-Meier 

survival curves and Cox regression 

analysis of 5-year follow up data of 

patients who received LDR BT. 

This range of values (95% CI) was 

determined as most likely 

assuming a tumor α/β ratio of 10 

Gy.  

 

  1.9 [0.26 - 5.7] (10)  

 

Calculation of survival curves of 

human cervical cancer lines 

(acquired via biopsy) at three 

different dose rates (0.016, 0.032, 

and 1.5 Gy/min) for a total 

physical dose up to 16 Gy. Values 

of α, β, and T1/2 were estimated 

from the survival curves.  

 

  0.37 [0.15 - 2.15] (31)  

 

Analysis of previously published 

data by Kelland and Steel (10). 

Maximum likelihood method was 

used as opposed to a best-fit from a 

covariance matrix as used in the 

original study. Values of α, β, and 

T1/2 were estimated. 

 

 

Table 3.4: Reported T1/2 values for late responding normal tissue. 
 Conventional 

recommendation  

(6,7) 

Other reported values  

(references in brackets) 

Methodology of estimation 

T1/2  for late 

responding normal 

tissue (hr) 

1.5 0.32 - 1.11 (13) 

 

 

 

 

Review of reported patient 

outcomes using Kaplan-Meier 

survival curves and Cox regression 

analysis of 5-year follow up data of 

patients who received LDR BT. 

This range of values (95% CI) was 

determined as most likely 

assuming a normal tissue α/β ratio 

of 3 Gy.  

 

  1.5 - 2.5 (17) 

 

Review of reported late effects in 

patients receiving LDR BT. The 

T1/2 that caused a difference in late 

patient complication was estimated 

to be 1.5 to 2.5 hours, assuming an 

α/β ratio in normal tissue of 2-4 Gy. 

 

  0.20 - 0.40 (18) Review of three studies in which 

LDR BT delivered with different 

dose rates caused statistically 

equivalent late patient 

complication.  
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Table 3.5: Reported values for proliferation.  
 Reported values 

(references in brackets) 

Estimation methodology  

Tkickoff (days) 11 - 22 (25) 

 

Least χ2 fit of TCP estimations to report patient outcome was conducted 

while varying Tkickoff alone. All assumed parameter values required for 

calculating Tkickoff were adopted from literature. 

 

 21 - 35 (15) 

 

Values assumed. No rationale was provided for the selected range. 

 

Tpot (days) 6.8 ± 7.4 (15) a 

 

 

BrdUrd labelling of biopsy samples of 229 patients with stage IB to IIIB 

carcinoma of the cervix treated from 1987 to 1999. 

 

 5.0 [1.2 - 42.1] (29) b 

 

BrdUrd labelling of biopsy samples of 84 patients with stage IB to IV 

carcinoma of the cervix from 1991 to 1996. 

 

 4.4 (27) b 

 

BrdUrd labelling of biopsy samples of 138 patients with stage I to IV 

carcinoma of the cervix from 1991 to 1992. An interquartile range of 3.1 

to 6.4 was reported. 

 

 4.0 (28) b 

 

BrdUrd labelling of biopsy samples of 121 patients with stage I to IV 

carcinoma of the cervix. An interquartile range of 3.1 to 6.3 days was 

reported. 

 

α (Gy-1) 0.06 - 0.20 (13) 

 

 

Review of reported patient outcomes using Kaplan-Meier survival curves 

and Cox regression analysis of 5-year follow up data of patients who 

received LDR BT. This range of values (95% CI) was determined as 

most likely assuming a tumor T1/2 of 1.5 hours.  

 

 0.18 - 0.61 (10) 

 

Calculation of survival curves of human cervical cancer lines (acquired 

via biopsy) at three different dose rates (0.016, 0.032, and 1.5 Gy/min) 

for a total physical dose up to 16 Gy. Values of α, β, and T1/2 were 

estimated from the survival curves.  

 

 0.29 - 0.74 (31) 

 

Analysis of previously published data by Kelland and Steel (10). 

Maximum likelihood method was used as opposed to a best-fit from a 

covariance matrix as used in the original study. Values of α, β, and T1/2 

were estimated.  

 

 0.35 ± 0.21 (11,12) a 

 

Analysis of surviving fraction of cervical cancer biopsy samples 

irradiated at 3.8 to 4.2 Gy/min with 2 Gy. 

 

 0.20 - 0.40 (14) 

 

No rationale provided. 

a Reported value is a mean. 
b Reported value is a median. 
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3.3 Effect of Parameter Uncertainties 

 

3.3.1 Uncertainty in Conventional Radiobiological Parameter Recommendations 

While conventional recommendations have been provided for the α/β ratio and T1/2, the values 

cited in Tables 3.1 to 3.4 highlight a fair degree of uncertainty. Deviation of both parameters 

from conventional values (for tumor or critical structures) could result in non-equivalent 

radiobiological doses being delivered by the PDR and HDR BT boosts that are otherwise 

assumed to be dosimetrically equivalent through Equations (2.20) and (2.44). These differences 

in the radiobiological dose could result in different patient outcomes depending on which BT 

boost was utilized. Table 3.6 illustrates this by presenting the radiobiological doses to the tumor 

when calculated using the conventional values and the different combinations of α/β and T1/2 

values based on maximum likelihood calculations published by Roberts et al (13). The 

calculations are done for an EBRT treatment delivering 25 fractions of 1.8 Gy each followed by 

a BT boost of (i) PDR1: 2 insertions with 37 pulses of 0.60 Gy/pulse per insertion; or (ii) HDR1: 

5 fractions of 6.6 Gy each. Both schedules are designed to deliver a tumor dose of approximately 

90 Gy EQD2 (combined EBRT and BT) when assuming an α/β ratio of 10 Gy and a T1/2 of 1.5 

hours. PDR pulse times are based on an Ir-192 activity of 0.5 Ci. EQD2 values calculated in 

Table 3.6 show the variation in doses when considering different combinations of the parameter 

values. Larger values of α/β result in a minimal decrease in EQD2 of about 1.0 Gy for PDR1 

while a difference of 12.0 Gy occurs for HDR1. Conversely, lower values of T1/2 reduced the 

dose by over 9.0 Gy EQD2 for PDR1, but did not have an effect on HDR1. 

 

 

  



70 

 

Table 3.6: Radiobiological tumor dose calculated for an EBRT treatment delivering 25 fractions 

of 1.8 Gy followed by a BT boost (either PDR1: PDR BT boost of 2 insertions with 37 pulses of 

0.60 Gy/pulse per insertion or HDR1: HDR BT boost of 5 fractions of 6.6 Gy each) using 

different combinations of α/β ratios and T1/2. Radiobiological dose was calculated using the 

conventionally recommended values (α/β ratio = 10 Gy and T1/2 = 1.5 hr) and those within the 

95% confidence interval reported by Roberts et al (13). 

α/β (Gy) T1/2 (hr) Methodology Gy EQD2  

PDR1 HDR1 

10 1.5 Conventional parameters 90.4 89.9 

10 0.25 Conventional α/β, most likely T1/2  83.5 89.9 

10  0.00 Conventional α/β, lowest likely T1/2  81.3 89.9 

10 0.64 Conventional α/β, highest likely T1/2  85.6 89.9 

52.6 1.5 Conventional T1/2, most likely α/β   89.6 80.6 

20.8 1.5 Conventional T1/2, lowest likely α/β   89.9 84.3 

Infinitely large value a 1.5 Conventional T1/2, highest likely α/β   89.4 78.0 

a Roberts et al reported a β/α 95% confidence range of -0.018 Gy-1 to 0.048 Gy-1. A β/α 

approaching 0 would correspond to an infinitely large value for α/β. 

 

Table 3.6 highlights the potential variance in HDR and PDR BT boosts using α/β ratios and T1/2 

values from a single study. However, a large range of radiobiological parameters have been 

reported in Tables 3.1 to 3.5. The impact of the full range parameters reported will be explored in 

the following sections.  

 

3.3.1.1 α/β Ratio Uncertainties 

Table 3.7 highlights the change in PDR and HDR treatment doses when the α/β ratio of the 

tumor and critical structure are varied from their conventional values of 10 and 3 Gy, 

respectively. The table shows the EQD2 doses when calculated with different α/β ratios 

(corresponding to the range given in Table 3.1) for four different potential BT boosts following 

an EBRT treatment delivering 25 fractions of 1.8 Gy each: (i) PDR1: 2 insertions with 37 pulses 

of 0.60 Gy/pulse per insertion; (ii) PDR2: 58 pulses of 0.73 Gy/pulse; (iii) HDR1: 5 fractions of 

6.6 Gy each; (iv) HDR2: 4 fractions of 7.75 Gy each; and (v) HDR3: 3 fractions of 9.5 Gy each. 

PDR treatments are commonly delivered in one or two insertions, while the choice of the number 

of HDR fractions is adopted from the American Brachytherapy Society’s consensus guidelines 

for locally advanced carcinoma of the cervix (39). All five treatment schedules are designed to 
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deliver a tumor dose of approximately 90 Gy EQD2 (combined EBRT and BT) when using 

conventional α/β and T1/2 values and not taking proliferation corrections into account. Without 

proliferation, the radiobiological doses are independent of the relative timing of the EBRT and 

BT treatments. For example, if BT sequentially follows EBRT as opposed to beginning BT prior 

to EBRT completion, the combined (EBRT + BT) dose is unchanged; this is provided the 

treatment fractions are separated such that no sublethal damage from a BT fraction remains at the 

next EBRT fraction or vice versa, as would generally be the case with typical separations of at 

least one day. The calculations shown in Table 3.7 also assume that T1/2 is 1.5 hours, and PDR 

pulse times are based on an Ir-192 activity of 0.5 Ci.  

 

As seen from the estimated doses in Table 3.7, variations in the α/β ratio have a greater effect on 

HDR doses than PDR doses. Consequently, as the α/β ratio deviates more from the originally 

assumed conventional value of 10 Gy, the difference in the total dose for the two delivery 

methods will also increase. For a tumor with an α/β ratio less than 10 Gy, HDR BT delivers a 

higher radiobiological dose than PDR BT. For example, assuming an α/β ratio of 6 Gy, the total 

radiobiological dose to the tumor from a HDR3 BT boost would be 7.1 Gy EQD2 (7.7%) greater 

than from a PDR2 BT boost. However, the opposite is true if the α/β ratio is 20 Gy as a treatment 

with a PDR2 BT boost would deliver 6.2 Gy EQD2 (7.0%) more than the HDR3 BT boost. Table 

3.7 also presents an example of the variation in an assumed tolerance dose of 65 Gy EQD2 

received by a critical structure for the five different treatment schedules and two alternative 

assumptions for the α/β ratio, and with the same assumed T1/2 value of 1.5 hours.  

  



72 

 

Table 3.7: Variation in the radiobiological dose to tumor and critical structures assuming a T1/2 = 

1.5 hours and different α/β ratios. 

BT Treatment 

Dose to Tumor a (Gy EQD2)  
Dose to OAR 

per pulse/fraction  

(% of tumor dose) c 

Dose to critical structure 

tissue a (Gy EQD2) 

α/β ratio (Gy) α /β ratio (Gy) 

6 10b 14 20 2.5 3 d 5 

PDR1, 37 p x 0.60 Gy, 

x 2 insertions 

91.0 90.4 90.2 90.0 0.34 Gy (56%)  64.5 65.0 66.4 

PDR2, 58 p x 0.73 Gy 92.0 90.4 89.6 89.0 0.40 Gy (55%) 64.7 65.0 65.9 

HDR1, 5 fr x 6.6 Gy 95.8 89.9 86.9 84.5 3.41 Gy (52%) 65.3 65.0 64.2 

HDR2, 4 fr x 7.75 Gy 97.2 90.1 86.6 83.7 3.93 Gy (51%) 65.5 65.0 63.8 

HDR3, 3 fr x 9.5 Gy 99.1 90.6 86.3 82.8 4.71 Gy (50%) 65.7 65.0 63.3 
a Includes EBRT of 25 fractions of 1.8 Gy each. 
b Conventional recommendation for α/β ratio of tumor tissue. 
c The critical structure dose assumes: 1) the full EBRT dose was delivered to the structure (45 Gy 

in 25 fractions); 2) the BT brings the EQD2 to a tolerance dose of 65 Gy EQD2. 
d Conventional recommendation for α/β ratio of critical structure tissue (e.g. rectum). 

 

Treatments with large doses per fraction/pulse are most strongly affected by a change in the α/β 

ratio. This can be seen in Figure 3.1, which plots the change in radiobiological dose with the α/β 

ratio for the five BT boosts discussed in Table 3.7. HDR3, which utilized the largest dose per 

fraction (9.5 Gy) experienced the greatest change in radiobiological dose delivered; the 

radiobiological dose decreased by approximately 7.8 Gy EQD2 when the α/β ratio increased 

from 10 to 20 Gy and increased by 8.5 Gy EQD2 when the α/β ratio decreased from 10 to 6 Gy. 

Though the trend was similar to HDR, the overall change in radiobiological doses for PDR1 and 

PDR2 over the 6 to 20 Gy α/β ratio range was small (1 and 2 Gy EQD2, respectively). 
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Figure 3.1: Change in tumor EQD2 with α/β for different PDR and HDR BT regimens after 

EBRT (25 fr x 1.8 Gy) and assuming T1/2 = 1.5 hr.  

 

3.3.1.2 T1/2 Uncertainties 

Since T1/2 is not included in Equation (2.20) (which assumes complete repair between fractions), 

any variation in T1/2 does not affect fractionated HDR BT dose calculations. However, changes 

in T1/2 have a strong impact on the radiobiological dose calculated for PDR BT, where the 

treatment pulses are usually delivered hourly and there is insufficient time for the complete 

repair of sublethal lesions (Table 3.6). De Leeuw et al supports this conclusion; changes in the 

T1/2 had minimal effect on the calculated EQD2 for HDR BT for 2 insertions of 2 fractions each 

separated by 17 hours but resulted in significant variation in calculated EQD2 values for a PDR 

BT treatment of 2 insertions of 32 pulses each (40).  

 

A lower T1/2 would result in a smaller biological effect (tumor control or critical organ toxicity) 

for PDR treatments. This effect can be seen in Figure 3.2, which plots radiobiological dose 
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against T1/2 for four different BT boosts following an EBRT treatment delivering 25 fractions of 

1.8 Gy each: (i) PDR1: 2 insertions with 37 pulses of 0.60 Gy/pulse per insertion, (ii) PDR2: 58 

pulses of 0.73 Gy/pulse, (iii) PDR3: 39 pulses of 1.0 Gy/pulse, and (iv) HDR1: 5 fractions of 6.6 

Gy each. The time per pulse for the PDR treatments was calculated with a 0.5 Ci Ir-192 source. 

All four treatments deliver a tumor dose of approximately 90 Gy EQD2 when assuming the 

conventional T1/2 of 1.5 hours and an α/β ratio of 10 Gy. An increase in T1/2 will result in a higher 

dose being delivered by any PDR BT schedule and vice versa, while the HDR BT boost delivers 

the same radiobiological dose regardless of any changes to T1/2. This effect can be quite 

significant. For example, if the T1/2 of the tumor was 0.4 hours instead of 1.5 hours, consistent 

with one of the reported tumor values in Table 3.3, PDR3 would deliver approximately 9.1 Gy 

EQD2 (10.1%) less dose than expected.  

 

 

Figure 3.2: Change in tumor EQD2 with T1/2 for different PDR and HDR BT regimens after 

EBRT (25 fr x 1.8 Gy) and assuming α/β = 10 Gy. 
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3.3.2 Number and Frequency of Pulses in PDR BT 

In addition to α/β and T1/2, the BED equation for PDR (Equation (2.44)) contains dependencies 

on several parameters, including pulse delivery time, pulse interval, and number of pulses. To 

better understand the trends in the PDR BT data seen in Figure 3.2, it is useful to define a 

parameter q:  

𝑞 = (
2

𝜇𝑇
) (1 −

1

𝑁𝜇𝑇
[𝑁𝑌 − 𝑆𝑌2])      (3.1) 

such that Equation (2.44) can be expressed as DBED,PDR = Nd(1 + d𝑝q/(α β⁄ )), a form more 

directly comparable to the BED expression used for HDR. Larger q values represent more 

radiobiological dose being delivered per unit of physical dose. Figure 3.3 plots q against T1/2 for 

six different PDR BT boosts: (i) PDR1: 58 hourly pulses, (ii) PDR2: 73 hourly pulses, (iii) 

PDR3: 40 hourly pulses, (iv) PDR4: 58 bihourly pulses (one pulse every two hours), (v) PDR5: 

58 semihourly pulses (one pulse every 30 minutes), and (vi) PDR6: 58 hourly pulses with a 

lower dose rate. All six treatments are assumed to deliver 0.73 Gy/pulse. PDR1 to PDR5 have an 

assumed time per pulse of 10 minutes while PDR6 has an assumed time per pulse of 30 minutes. 

Compared to PDR1, PDR2 and PDR3 reflect changes in the value of q due to the number of 

pulses while PDR4 and PDR5 demonstrate changes in q due to the time between pulses. As 

illustrated, by comparing PDR1 and PDR6, q is dependent on the duration of each pulse (which 

is a function of the dose per pulse and instantaneous dose rate), though the dependence only 

becomes appreciable for values of T1/2 small enough to approach the pulse duration. The 

repetition time (i.e. - hourly, semihourly, or bihourly pulses) and the halftime of repair both 

strongly affect q. However, since pulses are conventionally delivered hourly, the most relevant 

dependence affecting q is T1/2. For example, when assuming an α/β ratio of 10 Gy and T1/2 of 1.5 

hours, the value of q for PDR1 is 4.22, resulting in a tumor dose of 46.2 Gy EQD2 from BT (and 

a total dose of 90.4 Gy EQD2 with an EBRT treatment of 25 fractions of 1.8 Gy). However, a 

T1/2 of 0.4 hours would result in a q value of 1.33 and would significantly decrease the BT tumor 

dose to 38.7 Gy EQD2 (total dose of 83.0 Gy EQD2 including EBRT). In comparison, an 

increase in pulse duration (PDR6) changes the q value from 4.22 to 4.19, assuming a T1/2 of 1.5 

hours. This would only result in a small decrease in the dose delivered (0.1 Gy EQD2).  
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Figure 3.3: Value of parameter q plotted against T1/2 for different pulse repetition times, pulse 

durations, and number of pulses.  

 

3.3.3 Source Strength in PDR BT 

When considering parameter ranges, it is important to recognize that multiple combinations of 

α/β ratios and T1/2 may satisfy a given radiobiological equivalency. Consider two PDR 

treatments: (i) PDR1: 2 insertions with 37 pulses of 0.60 Gy/pulse per insertion and (ii) PDR2: 

58 pulses of 0.73 Gy/pulse. If PDR1 and PDR2 were found to be radiobiologically equivalent, 

the α/β ratio and T1/2 of the tissue cannot be determined from this result alone; one of the two 

parameters must be assumed. Figure 3.4 plots combinations of T1/2 and α/β ratios which result in 

the two PDR treatments (PDR1 and PDR2) having the same radiobiological dose (according to 

Equation (2.44) for 4 different Ir-192 source air kerma strengths (and hence pulse times and dose 

rates): (i) Activity 1: 0.25 Ci, (ii) Activity 2: 0.5 Ci, (iii) Activity 3: 1 Ci, and (iv) Activity 4: 2 

Ci. Activity 1 corresponds to a 0.5 Ci source that has decayed by one half-life. Instead of 

providing a single solution, the equivalence suggests an infinite number of solutions for different 

combinations of the α/β ratio and T1/2 values. This correlation introduces another aspect of 

uncertainty into the published values of the α/β ratio and T1/2: a priori assumptions of α/β will 

influence the calculated T1/2 and vice versa. It is important to note that the correlations shown in 

Figure 3.4 are derived from an assumed hypothetical equivalency between two clinically used 

PDR schedules; since this radiobiological equivalency may not necessarily exist, the specific 

equivalent combinations of α/β and T1/2 shown in Figure 3.4 may not be correct. A similar 
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correlation between extracted values of the α/β ratio and T1/2 was demonstrated by Roberts et al 

(13). Their analysis excludes a T1/2 of 1.5 hours from its 95% confidence interval when assuming 

an α/β ratio of 10 Gy, one of the combinations illustrated in Figure 3.4.  

 

 

Figure 3.4: Plot of combinations of T1/2 and α/β ratios which result in the same radiobiological 

dose for two PDR treatments (PDR1 (2 insertions with 37 pulses of 0.60 Gy/pulse per insertion) 

and PDR2 (58 hourly pulses of 0.73 Gy/pulse)) for four different instantaneous dose rates. The 

equivalency of the two treatments is assumed. 

 

3.3.4 Proliferation Parameters 

Conventional treatment recommendations, which suggest a maximum OTT based on outcomes 

data, do not fully consider the radiobiological impact of proliferation. Currently, no correction is 

implemented for treatments that deliver the same radiobiological dose (before proliferation is 

considered) but have different OTTs. Treatments considered equivalent could therefore 

potentially correspond to different radiobiological doses and different outcomes. In the 

retroEMBRACE study, a loss of 1% to 3% in local control/week was reported for prolonged 

OTT (21). ICRU 89 recommends that the OTT be within 55 days, which is made possible by 

using a simultaneously integrated nodal boost (when necessary) within the EBRT course; 
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reducing treatment interruptions; and planning ahead the timing of the BT treatment (6,41). An 

even shorter time frame is often possible – e.g. an EBRT followed by a single insertion PDR 

boost could be completed within 40 days if there are no treatment interruptions. 

 

The difference in radiobiological dose due to increased tumor proliferation over an additional 15 

days in the 55-day treatment can be calculated using Equation (2.50). Let: 

∆𝐵𝐸𝐷 = 𝐵𝐸𝐷1 − 𝐵𝐸𝐷2     (3.2) 

where ΔBED represents the difference in radiobiological dose after proliferation is considered 

and BED1 and BED2 represent the radiobiological dose delivered with an OTT of OTT1 and 

OTT2, respectively. Assuming that all parameters (α, Tpot, Tkickoff, and DBED,0) except for OTT 

are the same and the OTT values for both cases are longer than Tkickoff  (ΔT = OTT-Tkickoff), then:  

𝛥𝐵𝐸𝐷 =
ln(2) (𝑂𝑇𝑇2 − 𝑇𝑘𝑖𝑐𝑘𝑜𝑓𝑓)

𝑇𝑝𝑜𝑡𝛼
−

ln(2) (𝑂𝑇𝑇1 − 𝑇𝑘𝑖𝑐𝑘𝑜𝑓𝑓)

𝑇𝑝𝑜𝑡𝛼
                           (3.3) 

𝛥𝐵𝐸𝐷 =
ln (2)𝑂𝑇𝑇𝑑𝑖𝑓𝑓

𝑇𝑝𝑜𝑡𝛼
                                                              (3.4) 

where OTTdiff is the difference between the two OTTs (OTT1 and OTT2). For example, assuming 

Tpot = 4.5 days and α = 0.3 Gy-1, a treatment lasting 55 days will deliver 6.4 Gy EQD2 less than 

if it had an OTT of 40 days (Tdiff = 15 days). As suggested by Equation (3.4), smaller values of 

Tpot and α for the tumor will increase ΔBED, resulting in a larger variation in tumor dose due to 

differences in OTT. Figure 3.5(a) highlights this effect where the radiobiological dose from a 90 

Gy EQD2 prescription (after consideration of proliferation) is plotted against OTT for four 

combinations of Tpot and α with an assumed Tkickoff of 21 days. Consider a BT treatment that is 

prolonged by 15 days. The radiobiological dose delivered by the treatment will decrease due to 

the increase in OTT (ΔD). For larger values of Tpot and α (such as 5.0 days and 0.5 Gy-1, 

respectively), there would be a loss of 3.5 Gy EQD2 (ΔD1); however, for smaller Tpot and α 

values (such as 4.0 days and 0.2 Gy-1, respectively), the dose loss of 10.8 Gy EQD2 (ΔD2) would 

potentially be much more concerning. It is worth noting that, much like how multiple 

combinations of the α/β ratio and T1/2 can correspond to a radiobiological equivalency, multiple 

combinations of Tpot and α can predict equal amounts of proliferation-based radiobiological dose 

reduction. Recent recommendations by Tanderup et al suggest that the commonly cited values 

for Tpot and α may not accurately estimate the effects of proliferation (21). They found that an 
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increase of one week to a 7-week OTT was comparable to a tumor dose de-escalation of 5 Gy 

EQD2. An example of a combination of Tpot and α values that mathematically replicate this rate 

of dose loss is 4.0 days and 0.2 Gy-1, which represents the lower end of values reported in Table 

3.5. In comparison, since more commonly cited values of Tpot and α for the tumor are 4.5 days 

and 0.3 Gy-1, current dose calculations incorporating proliferation may still underestimate its 

effect.  

 

Figure 3.5: Radiobiological dose, considering proliferation, after a 90 Gy EQD2 prescription for 

(a) different potential doubling times (Tpot) and α values and (b) different kickoff times (Tkickoff). 

ΔD represents the difference in dose between treatments of overall treatment times 40 days and 

55 days: ΔD1 assumes Tpot = 4.5 days and α = 0.4 Gy-1, ΔD2 assumes Tpot = 4.0 days and α = 0.2 

Gy-1, and ΔD3 assumes Tpot = 4.5 days and α = 0.3 Gy-1. Changing the value of Tkickoff did not 

affect the value of ΔD3. 

 

Tkickoff variance is not expected to affect the calculated proliferation dose loss between two 

treatments since the shortest OTTs currently considered are longer than the maximum value of 

Tkickoff given in Table 3.5. In this case, Equation (3.4) is sufficient to describe differences in 

radiobiological dose delivered by different OTTs. This can be seen in Figure 3.5(b) where the 

radiobiological dose from a 90 Gy EQD2 prescription (after proliferation is considered) is 

plotted against OTT for three values of Tkickoff. The Tpot is assumed to be 4.5 days and α is 0.3 

Gy-1. The difference in dose of 6.5 Gy EQD2 between treatments delivered over 40 days and 55 

days (ΔD3) is not impacted by the value of Tkickoff. Similar results were found by Gasinska et al. 

They estimated that the amount of radiobiological dose lost daily due to proliferation was the 

same regardless of the assumed kickoff time (varied from 21, 28, and 35 days) (15). 
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3.4 Conclusion 

The use of radiobiological dose is recommended to compare treatments and outcomes from 

different treatment techniques used in cervical cancer brachytherapy. However, possible variance 

in parameter values used in these calculations and the inconsistent consideration of proliferation 

introduces significant additional uncertainty into dose calculation. Variance in the α/β ratio and 

T1/2, within the range of values reported in the literature, can introduce over 10% variance in the 

calculated radiobiological tumor dose for PDR treatments, while changes in the α/β ratio can 

result in over 13% variance in HDR treatments (with T1/2 not having any significant effect). 

Similarly, the extension of OTT can introduce a variance of over 5 Gy EQD2 due to differences 

in reported values of α and Tpot. This highlights the need for further efforts to establish more 

definitive parameter values. Improved radiobiological parameters, potentially combined with 

refinements to current radiobiological dose models, could increase the accuracy of treatment 

planning and consequently lead to better outcomes for cervical cancer patients. Therefore, 

additional research into the identification of α/β ratio and T1/2 values for cervical cancer cells is 

warranted. 
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CHAPTER 4 

EXPERIMENTAL DETERMINATION OF RADIOBIOLOGICAL PARAMETERS 

USING A NOVEL IN VITRO RADIATION METHODOLOGY 

 

A version of this chapter has been published as: Chow B, Warkentin B, Nanda K, Ghosh S, 

Huang F, Gamper AM, Menon G. BAIRDA: a novel in vitro setup to quantify radiobiological 

parameters for cervical cancer brachytherapy dose estimations. Phys Med Biol. 

2022;67(4):045012. 

 

4.1 Introduction 

Post-EBRT BT boost options (either HDR or PDR) used in locally advance cervical cancer 

(LACC) treatments vary significantly in both dose fraction size and dose delivery, factors that 

have been shown to significantly affect radiobiological response (1,2,3,4). Current clinical 

prescriptions account for this by expressing the combined treatment in units of radiobiological 

dose (EQD2), which characterizes the cell response through the radiobiological parameters α/β 

and T1/2 (5,6,7,8). Understanding the relative strengths of different prescriptions thus requires an 

appropriate estimate of both parameters. However, while assumed parameter values have been 

utilized in clinical cervical cancer dose calculations, these standard values lack direct supporting 

evidence.  

 

As described in Chapters 2 and 3, there have been attempts to more accurately quantify cervical 

cancer radiobiological parameters through in vitro experiments or the analysis of clinical 

outcomes data (9,10). However, these studies report a wide range of values (6 to 21 Gy for α/β, 

and 0.15 to 5.7 hours for T1/2), which could result in the significant differences in prescribed 

tumor doses of up to 13% that were reported in Chapter 3 (11). These differences could result in 

either the organs at risk receiving higher than necessary doses when striving to achieve a specific 

tumor control probability, or alternatively, in target underdosing and corresponding reduced rates 

of tumor control. Therefore, further investigation of the radiobiological parameter values will 

facilitate a more accurate dosimetric comparison of radiation schedules. 
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Differences in previous experimental techniques may be a cause for the wide range of reported 

parameter values. While most in vitro experiments utilize clonogenic survival assays, considered 

the “gold standard” for measuring cell survival, the specifics of radiation delivery (e.g. photon 

energy, dose rate, radiation schedule) vary significantly between reported BT studies 

(9,10,12,13). Some studies used Co-60 or 4 MV linac photons, both much higher in average 

photon energy than Ir-192 (7,9,12). Additionally, most previous research utilized single radiation 

exposures that do not replicate either the HDR BT or PDR BT delivery schedules and dose rates, 

which raises concerns about how well these reported parameter values are representative of dose 

responses to BT. 

 

A first-in-kind brachytherapy afterloader in vitro radiation delivery apparatus (BAIRDA) was 

developed and validated to address these experimental shortcomings. Unlike previously reported 

experimental studies relevant to BT, which used other radiation sources, this approach eliminates 

potential confounding factors introduced by photon energy and dose rate differences: cells are 

irradiated using the Ir-192 sources utilized in clinical HDR and PDR BT afterloaders (9,12). 

Additionally, clinically relevant treatment schedules (e.g. pulsed and fractionated treatments) 

were delivered to further reflect real-world contemporary clinical scenarios. The use of multiple 

cell lines provided a representative cross section of in vitro radiation response of cervical 

cancers. Confirmatory experimental results were obtained through established methodologies 

using a traditional irradiator. Through a novel methodology that lays the framework for the 

expanded study of cellular response to BT, radiobiological parameters were established that 

identify potential uncertainties in BT planning.  

 

4.2 Materials and Methods 

 

4.2.1 Cell Lines and Culture 

The in vitro experiments were performed with four squamous cell carcinoma (SCC) and three 

adenocarcinoma (AC) cervical cancer cell lines. The use of both SCC and AC provide a 

characterization of the two most common cervical cancer types. Table 4.1 provides a summary of 

the cell lines used, their HPV and p53 gene status, how they were acquired, and the cell culturing 

media. All cell lines were maintained and used at early passages. 
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Table 4.1: Summary of SCC and AC cell lines used for in vitro experiments.  

Cell Line Cancer Type HPV status p53 status Acquisition Culture Medium 

CaSki 

 

SCC HPV 16(+) (14) Wild-type (15) ATCCa 

DMEMb + glucose 

10% FBSc 

1% Pen-strepd 

C-33A 

 

SCC HPV(-) (15) Mutated p53 (15) ATCC 

DMEM + glucose 

10% FBS 

1% Pen-strep 

SiHa 

 

SCC HPV 16(+) (16) Wild-type (16) ATCC 

DMEM + glucose 

10% FBS 

1% Pen-strep 

SW756 

 

SCC HPV 18(+) (17) Wild-type (18) ATCC 

DMEM + glucose 

10% FBS 

1% Pen-strep 
  

HeLa 

 

AC 

 

HPV 18(+) (19) Wild-type (19) Godbout Labe 

DMEM + glucose 

10% FBS 

1% Pen-strep 

JHUCS-3 

 

ACf 

 

Unknown Unknown RIKENg 

DMEM/F12h + glucose 

15% FBS 

1% Pen-strep 

SiSo 

 

AC 

 

HPV 18(+) (20) Unknown DSMZi 

RPMIj + glucose 

10% FBS 

1% Pen-strep 
a American Type Culture Collection, Manassas, VA 
b Dulbecco’s Modified Eagle’s Medium 
c Fetal bovine serum 
d Penicillin-streptomycin 
e University of Alberta, Edmonton, AB 
f JHUCS-3 cells were reported as AC by RIKEN at the time of purchase 
g RIKEN BioResource Research Center, Tsukuba, Japan 
h 1:1 mixture of DMEM and Nutrient Mixture F-12 
i Leibniz Institute DSMZ, Braunschweig, Germany 
j Roswell Park Memorial Institute 1640 medium 

 

4.2.2 Clonogenic Survival Assays 

Cells were irradiated using single or fractionated (hourly “pulses”) schedules with Cs-137 

(traditional irradiator) or Ir-192 sources (BAIRDA). Subsequently, cells were incubated for 8 to 

14 days, depending on the cell line, then stained with 1% crystal violet (70% ethanol) for 10 

minutes. The incubation period was empirically determined by pilot experiments for each cell 

line as the length of time required to establish 50 cell colonies. Each plate was scanned using an 

Epson Expression 10000XL flatbed scanner (Seiko Epson Corp., Nagano) at 1,200 dpi in tagged 

image file format (.tif). Colonies, conventionally defined as clusters of ≥50 cells, were manually 

identified from these scans using Paint.net, an image processing software (21,22). Each 
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combination of radiation source and irradiation schedule was deployed in at least three 

independent experiments on different days, with each experiment being conducted in triplicate; 

i.e., each data point was inferred from at least nine measurements. Details of assay preparation, 

radiation sources, dose prescriptions, irradiation schedules, and methods for estimating the 

radiobiological parameters are detailed in the following sections. 

 

4.2.3 Preparation of Cells for Clonogenic Assays  

Clonogenic survival assays utilized adherent cells taken from 6 cm tissue culture plates. The 

cells were incubated at 37°C and 5% CO2 with their last passaging >24 hours prior to the 

preparation of the cell culture plates for irradiation (Figure 4.1(a)). The confluency of the tissue 

culture plates was between 70% and 100% (estimated under microscope) at the time of assay 

preparation. 

 

Suspension mixtures (an “initial volume”) were formed by trypsinizing all cells on the tissue 

culture plate and suspending them in culture medium (Figure 4.1(b)). Depending on the cell line 

and initial confluency, the initial volume varied between 4 to 10 mL. This was based on prior 

experience that ensured a reasonable estimate when measuring the initial volume’s cell density 

using a hemocytometer. A high density mixture would result in cell counting difficultly on the 

hemocytometer due to overcrowding, whereas low densities can result in inaccurate 

measurements. A second suspension, referred to as the “diluted mixture”, was then prepared to 

distribute cells for clonogenic survival assays (Figure 4.1(c)). The lower cell density of the 

diluted mixture allowed for a more consistent seeding distribution for the assays. While the 

diameters of the tissue culture plates (Sarstedt, Numbrecht, Germany) for the irradiator (6 cm) 

and BAIRDA (10 cm) were different, the density of the diluted mixture was consistent for both 

and was determined based on preliminary experiments. The diluted mixture was prepared in a 50 

mL flask to contain 1,000 cells/mL. This cell density made the calculation of seeding 

straightforward: every 1 mL of the suspension added to the assay would seed 1,000 cells. The 

diluted mixture included a volume of media from the initial mixture and additional culture 

medium to yield the desired cell density. The suspension was agitated for 10 to 20 minutes to 

ensure the cells were evenly distributed in the mixture. Cells were then seeded on tissue culture 

plates by transferring the diluted suspension using a 1 mL micropipette (Brand Tech, Essex, 
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Connecticut). Additional culture medium was used to fill the plate to 4 mL (6 cm) or 10 mL (10 

cm), typical volumes of media for the respective plate sizes. For example, if 1 mL of the diluted 

solution was transferred to a 6 cm plate, an additional 3 mL of culture media would be added. 

 

For experiments with the Cs-137 irradiator, where cell lines were irradiated to doses from 0 to 6 

Gy, it was determined that seeding 1,000 cells on a 6 cm tissue culture plate (approximately 35 

cells/cm2) prevented overcrowding and yielded a large number of colonies. A similar cell 

seeding density was used for Ir-192 irradiation (3,000 cells per 10 cm plates; approximately 38 

cells/cm2) to prevent variances caused by plate overcrowding. Compared to all other cell lines, 

preliminary experiments with JHUCS-3 showed that fewer colonies were formed with 1,000 

cells seeded on a 6 cm plate. Hence for this cell line, the number of cells was increased to 2,500 

and 7,500 cells for the 6 and 10 cm plates, respectively. 

 

 
Figure 4.1: The preparation of cells for clonogenic assays. (a) Cells are passaged >24 hours 

before preparation. (b) Cells from a tissue culture plate are trypsinized and suspended in an 

“initial volume” of 4 to 10 mL, with the volume selected based on prior experience to ensure a 

reasonable estimation of the initial volume’s cell density via hemocytometer. (c) A portion of the 

initial volume is mixed with tissue culture medium to create a diluted mixture with a cell density 

of 1,000 cells/mL. This diluted mixture is then used to seed the tissue culture plates used for 

experiments. 
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It was determined that a minimum of 2 hours was necessary for good cell adherence to the plates. 

However, allowing 8 hours (used only when overnight preparation was necessary) between 

seeding and radiation delivery did not affect the experimental outcome (further discussion in 

Section 5.2.1.3). All experiments in this study delivered radiation within 2 to 8 hours after cell 

seeding. 

 

4.2.4 Irradiation Set Up 

 

4.2.4.1 Cs-137 Irradiation 

Radiation biologists have traditionally used Cs-137 irradiators for clonogenic survival assays 

(23,24,25). Therefore, experiments were performed using a Cs-137 commercial irradiator (JL 

Shepherd and Associates, San Fernando, CA), to enable comparison to the dose responses 

observed using Ir-192 sources in clinical BT afterloaders. The Cs-137 irradiator has two Cesium 

Chloride capsules (collectively called a “Cs-137 source”; source activity of 1,089 Ci at the time 

of experiments) that are pneumatically raised into position in a shaft, covered with a brass filter, 

at the back of the irradiation chamber (26). Over the period of the study, the dose rate at the 

center of the irradiator was 0.74 – 0.77 Gy/min. Tissue culture plates were centrally stacked on 

the 30 cm diameter turntable (Figure 4.2), rotating at 12 rotations per minute, providing nearly 

uniform exposure. This was verified by triple-channel dosimetry measurements using 

Gafchromic EBT3 films (Niagara Falls, NY, Lot # 06201901) by exposing the film to radiation 

and digitizing the results on the Epson Expression 10000XL scanner (27,28). The maximum 

relative difference between prescribed and delivered radiation across the irradiated films was 

1.2% (details provided in Section 5.2.2.3.4). As prolonged exposures to room temperatures can 

affect cell response, the plates were irradiated and returned to the incubator within 20 minutes, to 

ensure that the cells experienced minimal cooling (29). 
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Figure 4.2: The irradiation cavity of the Cs-137 irradiator. The Cs-137 source is raised to the 

“on” position (solid line) through a source guide (dotted line) behind the brass attenuator to 

irradiate a 31 x 31 x 37 cm3 cavity. The tissue culture plates were placed on the 30 cm diameter 

turntable, set to rotate at 12 rotations per minute. 

 

Two treatment schedules were used for irradiation using the Cs-137 irradiator. Single acute 

treatments (SATs; similar to HDR treatments), performed to determine α and β values, were 

delivered using doses from 0.5 to 6 Gy with accompanying unirradiated plates used as controls. 

An endpoint of 6 Gy was selected since the number of surviving colonies was too low to provide 

statistically relevant results at higher doses (defined as ≥3 colonies). For fractionated schedules, 

radiation was delivered in 9 hourly pulses (0.23 to 1 Gy/pulse, depending on cell line; similar to 

PDR treatments) or 5 bihourly pulses (one pulse every two hours; 0.40 to 1.89 Gy/pulse). Doses 

for the hourly experiments were selected using two approaches, corresponding to a projected 

survival of either 5% or 15% after 9 hourly pulses, when using the modified LQ model (Equation 

(2.2)) and the α and β derived from the Cs-137 SAT experiments for each cell line and a 

conventional T1/2 of 1.5 hours (30,31). Details of the application of this model in BT are 

discussed in Section 4.2.4.1. The selection of two different survival values allowed for adequate 

characterization of the dose-response relationship, despite a priori uncertainty in the value of 

T1/2. For example, if T1/2 was much smaller than the conventional value of 1.5 hours, the plates 

irradiated for a projected 15% survival would experience less cell death than expected, reducing 

the range of surviving fractions included in the results. This impact is reduced through the 

introduction of a second experiment with lower (5%) expected survival when assuming the 
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conventional value for T1/2. Bihourly experiments were conducted to investigate the possibility 

of non-monoexponential repair, a potential avenue for repair reported in the literature and 

discussed in Chapter 2 (32). These experiments were performed with a projected survival of 15% 

after 5 (bihourly) pulses using α and β values from SAT experiments and T1/2 = 1.5 hours. If 

non-monoexponential repair occurs, then the T1/2 will vary as the time between pulses changes. 

For example, if biphasic repair (a biexponential repair model where sublethal damage is divided 

into two categories: one group of damage that is repaired at a “fast” rate and another at a “slow” 

rate) occurs, as the time between pulses is varied, the proportion of sublethal damage repaired by 

the “fast” and “slow” repair processes will also change, resulting in variance in the estimated 

value of T1/2 (32). Therefore, variance in T1/2 between experiments using bihourly and hourly 

pulses would suggest evidence of non-monoexponential repair. 

 

4.2.4.2 Ir-192 Irradiation 

Cells were irradiated using clinical microSelectron Ir-192 HDR (nominal activity: 10 Ci) and 

PDR (nominal activity: 0.5 Ci) afterloaders (Elekta, Stockholm, Sweden) in conjunction with 

BAIRDA. The selected configuration delivers radiation non-uniformly across a plate (Section 

4.3.1). HDR (HDR-BAIRDA) and PDR (PDR-BAIRDA) Ir-192 afterloaders were used for SAT 

and fractionated radiation deliveries, respectively. Larger plates of 10 cm diameter were used for 

BAIRDA experiments to facilitate the measurement of a wider range of clonogenic survival 

generated by the larger dose variation across the bigger plate. A CT scan of the BAIRDA 

apparatus was imported into the Oncentra Brachy treatment planning software (OcB; v4.5, 

Elekta, Stockholm, Sweden) for designing the plan for cell irradiation. Doses for the SAT (1.53 

to 5.00 Gy at prescription points) and fractionated (0.20 to 0.76 Gy/pulse) Ir-192 experiments 

were selected to produce approximately 15% survival at the prescription points. Indeed, 

preliminary experiments using BAIRDA indicated a wide range of survival (approximately 5% 

to 90%) could be characterized on the irradiated plates using these dose prescriptions.  
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4.3 BAIRDA: A Novel in vitro System for Radiation Delivery Using Brachytherapy 

Afterloaders 

 

4.3.1 Technical Development 

The BAIRDA setup was developed to perform in vitro experiments with HDR and PDR 

afterloaders. During BAIRDA experiments, the tissue culture plate is inserted into a 1 mm deep 

circular slot made in a 3D printed plastic base (Figure 4.3(a)). The cells are irradiated via 

movement of the Ir-192 source to 21 dwell positions spaced 5 mm apart within a plastic catheter 

(ProGuide needle, Elekta, Stockholm) mounted in a tight-fitting groove below the plate (Figure 

4.3(b)); alignment of the catheter and plate are confirmed via fixed marks on the apparatus. Dose 

for 15% survival was prescribed in OcB to points (located 5 mm apart) along lines placed 1 cm 

on either side of the plastic catheter, emulating an infinite line source (Figure 4.3(c)). Since the 

irradiation time per pulse using PDR-BAIRDA (4.8 to 17.6 minutes/pulse) was significantly 

longer compared to the HDR-BAIRDA (1.3 to 4.7 minutes/fraction) exposures, the PDR-

BAIRDA plates were placed in a water bath to maintain the cells close to 37°C during radiation 

delivery (Figure 4.3(a)). 

 
Figure 4.3: (a) Setup for radiation delivery during PDR-BAIRDA (lid not shown). (b) A top-

down image of the base with a tissue culture plate irradiated to 5 Gy prescribed to points at 1 cm 

on either side of the catheter and showing the pattern of colonies (crystal violet stain), (c) 

Isodose distribution for a dose of 5 Gy prescribed to the same prescription points (yellow 

crosses). 

 

4.3.2 Dose Delivery Verification 

As seen in Figure 4.3(c), there is a dose gradient formed across the plate beyond the prescription 

lines. The dose gradient across the plates in BAIRDA was verified by exposing 7.5 x 3 cm strips 

of Gafchromic EBT3 film when 2 Gy is delivered to the prescription points at 1 cm on either side 

of the catheter. Each film piece was attached to the base of the tissue culture plate and immersed 
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in 10 mL of water (the amount of culture medium used during experiments); measurements were 

repeated three times on the HDR afterloader (Figure 4.4(a)). It has been shown that the effects of 

short-term immersion in water on Gafchromic film (less than 30 minutes) is negligible (33). The 

films were dried and scanned using the Epson Expression 10000XL scanner. The close 

agreement (<1%) between the doses measured from a central 3.4 x 1 cm region of the film and 

the planned dose confirms the accuracy of dose delivery during BAIRDA (Figure 4.4(b)). Details 

of the Gafchromic film calibration are given in Chapter 5 (see Section 5.2.2.3.3). 

 
Figure 4.4: (a) Setup for film irradiation to measure dose delivery during HDR-BAIRDA. (b) 

Dose, as a percent of the prescription, plotted against the distance from the catheter for the 

planned and film-measured dose, averaged from the three measurements. 

 

4.3.3 Functional Application 

The non-uniform dose distribution in BAIRDA allows for a wide range of SF measurements 

across a single plate. Effective segmentation of a single plate can therefore provide a series of 

regions of interest (ROIs) with different doses and SF. As a result, characterization of a cell 

line’s dose response can be conducted from just two plates, an irradiated plate (Figure 4.5(a)) 

and a control (Figure 4.5(b)), unlike in the case of traditional clonogenic assays using a Cs-137 

irradiator, where several plates are required for dose-survival relationship estimation (Figure 

4.6). 
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Figure 4.5: (a) Colonies from surviving SW756 cells following irradiation with a single acute 

exposure (SAT) delivered using HDR-BAIRDA as a line source prescription (3.77 Gy at points 1 

cm on either side of the blue line). (b) Colonies from 3,000 SW756 cells plated on a tissue 

culture plate taken as control (0 Gy). (c) The dose response curve for SW756 cells for a single 

experiment. The error bars represent the total uncertainties associated with the experiment. 

Prescription isodoses are shown as black dotted lines in (a). 

  



97 

 

 
Figure 4.6: (a) SW756 cell colonies in a tissue culture dish used as the control (or 0 Gy 

exposure). (b) Cell survival after a single fraction of 0.5 Gy, (c) 1 Gy, (d) 2 Gy, (e) 3 Gy, (f) 4 

Gy, (g) 5 Gy, and (h) 6 Gy. 

 

For ROI segmentation, each plate was divided into non-overlapping regions running parallel to 

the catheter (central blue line in Figure 4.5(a)). The widths of the ROIs were selected such that 

each ROI covered approximately 5% of the plate and would initially contain 150 cells assuming 

cells are uniformly distributed on the plate. Depending on the cell line, a plating efficiency of 33 

to 75% was observed for all cell lines using the control plates, except for JHUCS-3 (plating 

efficiency of approximately 15%). The corresponding number of estimated colonies in each ROI 

was thus 50 to 113, before accounting for radiation-induced cell death. With such ROI widths, 

SFs as low as approximately 4% could be measured. However, for some cell lines with plating 

efficiencies at the lower end of the range (e.g. SW756), the high dose ROIs (e.g. 6 Gy) had to be 

enlarged (up to 10% of the plate) for better statistics. The exact dose at which increased ROI 

sizes were used depended on the cell line’s plating efficiency and radiosensitivity (listed in Table 

4.2). The average dose and SF in each ROI were estimated using Equations (4.2) and (4.3), 

respectively (see Section 4.4.1). Survival curves for each cell line were generated using the dose 

to SF data from all the ROIs on the plate. This approach, particularly using clinical Ir-192 

afterloaders, has not been attempted previously. 
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Table 4.2: Summary of SCC and AC BAIRDA ROIs that were enlarged for better statistics.  

Cell Line Experiment Prescribed ROI Dose % of plate 

CaSki 
HDR-BAIRDA 6 Gy 9.6% 

PDR-BAIRDA 6 Gy 6.3% 

C-33A 
HDR-BAIRDA None - 

PDR-BAIRDA None - 

SiHa 
HDR-BAIRDA 6 Gy 7.9% 

PDR-BAIRDA None - 

SW756 
HDR-BAIRDA None - 

PDR-BAIRDA 6 Gy 8.7% 

HeLa 
HDR-BAIRDA None - 

PDR-BAIRDA 7.75 Gy 6.9% 

JHUCS-3 
HDR-BAIRDA 

1.8 Gy 

2.5 Gy 

7.8% 

8.7% 

PDR-BAIRDA 2.0 Gy 7.6% 

SiSo 
HDR-BAIRDA None - 

PDR-BAIRDA None - 

 

4.4 Data Analysis 

 

4.4.1 Calculation of Surviving Fraction 

The SF is a metric that associates cell survival with the retention of clonogenic capacity after 

irradiation. To determine clonogenic survival, the number of colonies formed on the irradiated 

plates was compared to the number formed on a plate seeded in parallel but not exposed to 

radiation (“control”). Colonies were identified by manual comparison of the size of stained 

colonies against a reference colony using the image editing software Paint.net. This method of 

determining survival rate was compared against an Optronix ColCount (Oxford Optronix, 

Abingdon, UK) automated colony counter, which yielded similar surviving fraction 

measurements to within 5% (further discussed in Section 5.2.1.6). 

 

For Cs-137 experiments, the uniform dose distribution across each irradiated plate allows for a 

traditional calculation of the surviving fraction (SFCs), where each plate provides the cell survival 

for one dose. The SFCs for a plate irradiated to dose D will depend on the number of cells seeded 

on it (N), the colonies they form after radiation (C), as well as the number of cells seeded on a 

control plate, N0, that form C0 colonies. 

𝑆𝐹𝐶𝑠(𝐷) = (𝐶 𝑁⁄ ) (𝐶0 𝑁0⁄ )⁄       (4.1) 
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Triplicate measurements at each dose D were recorded for all experiments. The SFCs for a 

particular dose, D, was calculated using the average C and C0 values for the triplicate irradiated 

and control plates in the experiment. 

 

The methodology for calculating surviving fractions for Ir-192-irradiated plates, SFIr, must be 

modified from Equation (4.1) as the dose delivered across the plates is non-uniform. This was 

incorporated by dividing an irradiated plate into multiple ROIs, as shown in Figure 4.5(a). The 

borders of each ROI were selected to coincide with isodoses generated by an infinite line source 

of radiation and do not overlap with one another. For example, the area between the orange and 

yellow lines (isodoses of 6.50 and 5.54 Gy, respectively) represents a single ROI (labeled ROI1), 

while the area between the yellow and green lines (5.54 and 4.54 Gy) represents another (ROI2). 

For the doses used, 5 to 100 colonies were formed in each ROI, a sufficient number for further 

analysis. 

 

The average dose delivered to cells in each ROI, DROI, was calculated using: 

 𝐷𝑅𝑂𝐼 = ∫ 𝐷(𝑟)𝑑𝐴 / ∫ 𝑑𝐴      (4.2) 

where D(r⃑) is the dose at position r⃑, and the integration is over the area of the ROI. Using this 

equation, the DROI in ROI1 is 6 Gy and in ROI2 is 5 Gy, in the example depicted in Figure 4.5(a). 

DROI is then taken as the representative dose for the ROI. The surviving fraction for an ROI, SFIr, 

can be calculated by modifying Equation (4.1). An ROI of area Ai with Ni cells initially seeded 

and Ci colonies formed after irradiation was compared against a control plate of area A0 with N0 

cells that yielded C0 colonies (Figure 4.5(b)). As the cells were seeded in the same way on the 

control and irradiated plates, the cells per unit area, ρ, were considered to be the same on both 

plates. Therefore, SFIr can be calculated as: 

𝑆𝐹𝐼𝑟(𝐷𝑅𝑂𝐼) = (𝐶𝑖 𝜌𝐴𝑖⁄ ) (𝐶0 𝜌𝐴0⁄ )⁄ = (𝐶𝑖 𝐴𝑖⁄ ) (𝐶0 𝐴0⁄ )⁄    (4.3) 

Thus, a wide range of surviving fractions can be determined following the analysis of the entire 

plate and all its associated ROIs. 

 

Figure 4.5(c) presents the SF results for the plate irradiated in Figure 4.5(a) for all ROIs on the 

plate. ROI1 and ROI2 provide two surviving fractions at different doses, highlighted in Figure 

4.5(c) by orange and yellow ovals, respectively.  
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4.4.2 Uncertainty Analysis 

This section provides a brief overview of the uncertainty analysis, which will be discussed in 

detail in Chapter 5. 

 

Uncertainties associated with SF estimations and the dose delivered were calculated and 

represented by error bars in the survival data. SF uncertainty was determined through 

propagation of errors from Equations (4.1) and (4.3), assuming negligible uncertainty in the 

selection of the size of the ROI area in Equation (4.3). For these calculations, uncertainty in the 

colonies formed is taken as the standard deviation in the number of colonies counted in the 

triplicate experiments for a particular plate (Cs-137) or ROI (Ir-192). For Cs-137 irradiated 

plates, the measurement uncertainty in SFCs, ΔSFCs, included only the uncertainty in the colonies 

formed, ΔC and ΔC0, and none in the number of seeded cells, N or N0. Measurement uncertainty 

for C and C0, ΔC and ΔC0 respectively, was taken as the standard deviation in the number of 

colonies on the irradiated plates or control plates. Using propagation of errors for Equation (4.1): 

𝛥𝑆𝐹𝐶𝑠(𝐷) = 𝑆𝐹𝐶𝑠(𝐷)√(𝛥𝐶0 𝐶0⁄ )2 + (𝛥𝐶 𝐶⁄ )2   (4.4) 

For exposures with Ir-192, the measurement uncertainty in SFIr, ΔSFIr, was calculated using 

uncertainties in the number of colonies counted for the ROI, ΔCi, and the control plate, ΔC0. The 

uncertainty was taken as the standard deviation in the number of colonies in the triplicate of ROI 

or control plates. Therefore, using propagation of errors for Equation (4.3): 

𝛥𝑆𝐹𝐼𝑟(𝐷𝑅𝑂𝐼) = 𝑆𝐹𝐼𝑟(𝐷𝑅𝑂𝐼)√(𝛥𝐶0 𝐶0⁄ )2 + (𝛥𝐶𝑖 𝐶𝑖⁄ )2  (4.5) 

Additional uncertainties in survival (6.0% for Cs-137 and 6.3% BAIRDA; including uniformity 

of cell seeding and subjectivity in the identification of colonies) and dose (<0.8% for Cs-137 and 

<4.3% for BAIRDA; including source calibration and transit dose) were identified and quantified 

(represented as error bars from hereon); details are discussed in Chapter 5. 

 

4.4.3 Estimation of α/β Ratio and T1/2 

For each cell line, the α/β ratio and T1/2 were estimated separately using the Cs-137 and Ir-192 

sources by fitting the modified LQ model to measured SFs. SAT experiments were used to 

determine best-fit values of α and β using the following formulation of Equation (2.1) (31,34): 

− 𝑙𝑛(𝑆𝐹𝐶𝑠 𝑜𝑟 𝐼𝑟) = 𝛼𝐷 + 𝛽𝐷2     (4.6) 
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For fractionated experiments, the LQ model relies on T1/2 in addition to α and β. The effects of 

dose rate and fractionation are given by an adaptation of Equation (2.2): 

−𝑙𝑛 (𝑆𝐹𝐶𝑠 𝑜𝑟 𝐼𝑟) = 𝛼𝐷 + 𝛽𝐺𝐷2     (4.7) 

where G is given by Equation (2.45) (30,31). Simultaneous estimation of all three parameters is 

sensitive to experimental outliers, which could result in fit values with large uncertainties. To 

mitigate this, α and β of each cell line were taken to be those found during the SAT experiments 

of the same cell line, which leaves T1/2 as the only adjustable parameter in the fits to the PDR 

experiments. 

 

Equation (4.6), used to determine the α and β values with SAT, assumes an instantaneous 

delivery time. As the dose was delivered over the course of a few minutes, for both Cs-137 and 

HDR-BAIRDA SAT experiments, a more precise estimation would require calculations using 

Equations (2.45) and (4.7) over the course of a single pulse (N = 1 in Equation (2.45)). The value 

of G when N = 1 can therefore be calculated to consider the repair of sublethal damage caused by 

a non-instantaneous delivery, and compared to the value of G = 1 assumed for analysis of the 

SAT experiments. When using the conventional T1/2 value of 1.5 hrs, over the range of 

irradiation times for Cs-137 and HDR-BAIRDA SAT experiments (1.30 to 8.1 minutes), the 

value of G would vary from 0.980 to 0.997. The impact of repair within SAT, such as in HDR 

applications, is therefore minimal. 

 

Radiobiological parameter values were determined from the experimental results using Matlab 

(vR2016a, The Mathworks Inc, Natick, MA). Fitting of SF data was performed using Matlab’s 

Curve Fitting toolbox to determine best fit parameter values for α and β (SAT experiments) and 

T1/2 (fractionated) using the weighted least squares method, and corresponding 95% Wald 

confidence intervals (35). For SAT experiments, α and β were estimated by minimizing the X2 

metric in Equation (4.8) (36): 

𝛸2(𝛼, 𝛽) = ∑
([−𝑙𝑛(𝛼𝐷𝑖+𝛽𝐷𝑖

2)]−[−𝑙𝑛(𝑆𝐹𝑖)])
2

(−𝛥𝑙𝑛(𝑆𝐹𝑖))
2

+((𝛼+2𝛽𝐷𝑖 )𝛥𝐷𝑖)
2

𝑛
𝑖=1      (4.8) 

where n data points were measured, each reporting an SF (presented as ln(SFi)) and dose (Di) 

with uncertainties of Δln(SFi) and ΔDi, respectively. Calculation of the confidence intervals for 
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α/β was conducted using propagation of errors from the standard deviation of α and β (36). 

Fractionated experiments were used to estimate T1/2 by minimizing the X2 metric using: 

𝛸2(𝑇1/2) = ∑
([−𝑙𝑛(𝛼𝐷𝑖+𝛽𝐺(𝑇1/2)𝐷𝑖

2)]−[−𝑙𝑛(𝑆𝐹𝑖)])
2

(−𝛥𝑙𝑛(𝑆𝐹𝑖))
2

+((𝛼+2𝛽𝐺(𝑇1/2)𝐷𝑖)𝛥𝐷𝑖)
2

𝑛
𝑖=1     (4.9) 

 

4.5 Results 

 

4.5.1 Validation of the Novel BAIRDA Configuration and Approach 

To validate this novel method for radiation delivery, dose responses measured using BAIRDA 

were compared to the multi-plate approach used in the Cs-137 irradiator. Prescription doses for 

the HDR-BAIRDA experiments were selected to be 3.4 Gy for C-33A, 5 Gy for CaSki and SiHa, 

3.8 Gy for SW756, 4.7 Gy for HeLa, 1.5 Gy for JHUCS-3, and 4.2 Gy for SiSo based on 15% 

survival at the prescription line. Figures 4.8 (HPV(-) SCC cell line C-33A), 4.9 (HPV(+) SCC 

cell lines; CaSki, SiHa, SW756), and 4.13 (AC cell lines; HeLa, JHUCS-3, and SiSo) show close 

agreement between single fraction survival curves generated with Cs-137 and Ir-192 sources. 

This suggests that differences in photon energy between the sources (average  energies: 0.662 

and 0.380 MeV for Cs-137 and Ir-192, respectively) do not cause substantial differences in dose 

response and that the experimental procedure using BAIRDA (e.g. configuration, SF assessment) 

is comparable to traditional approaches. Due to their similar relative biological effectiveness, the 

difference in photon energies of the two sources was not expected to affect the results 

significantly. The agreement observed between the two data sets validates the use of the novel 

method using BAIRDA as an alternative approach for in vitro experimental studies. 

 

4.5.2 Considerations using BAIRDA  

Due to the non-uniform dose distribution with BAIRDA, the dose and SF are both influenced by 

the choice of the ROI size: large ROIs reduce the uncertainty in the number of colonies but will 

encompass a wide dose gradient over the region and vice versa. Since the dose gradient as a 

function of distance is steepest at higher doses near the catheter, large dose variations are 

observed in the ROIs in this region. For example, the ROI closest to the catheter in Figure 4.5(a) 

encompassed a range of 1 Gy (7.50 to 6.50 Gy) across its width, while the dose variance in the 

ROI farthest away was only 0.14 Gy (0.81 – 0.67 Gy). Low colony counts in the ROIs 
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experiencing high doses can lead to large relative differences in the number of colonies counted 

in repeated experiments. For instance, in HDR-BAIRDA for C-33A, the average SF was 0.054 

with a standard deviation of 0.016 for the 5 Gy ROI, a relative uncertainty of 31%. However, for 

the same cell line and experiment, the relative uncertainty in SF for low dose ROIs (e.g. <1 Gy), 

which bear higher colony counts, was <5%, similar to the variance seen in the control plates. 

 

Although the experiments solely used “infinite line source” plans, multiple alternative 

configurations of radiation are technically feasible with BAIRDA. The example in Figure 4.7 

shows the distribution from an assumed point source approximation resulting from a single 

source position. Since such a configuration produces extremely small ROIs at high doses, which 

would result in few, if any, colonies, it would be better suited for evaluating response at lower 

doses in the outer “rings”. Note that the dose profile across the tissue culture plate will not fully 

match the point source approximation due to an anisotropic dose distribution (37,38).  

 

 
Figure 4.7: Colonies from 3,000 SiHa cells following irradiation with a SAT exposure delivered 

using HDR-BAIRDA as a point source prescription (10 Gy at points placed on the black dotted 

circle of 1 cm radius from the blue dot). For all plates, cells were incubated for 10 days following 

irradiation for colony formation. The isodose lines represent the dose profile assuming a point 

source approximation. 
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4.5.3 Estimation of Radiobiological Parameters Utilizing Fractionated Regimens 

 

4.5.3.1 Squamous Cell Carcinoma 

With pulsed dose deliveries, the time interval between fractions (pulses) is relatively short, 

resulting in incomplete repair of sublethal damage. The accumulation of unrepaired sublethal 

damage and interaction with new damage from subsequent pulses leads to excess cell killing 

compared to a fractionated regimen with longer breaks between fractions (though the survival is 

still higher than if the total dose was given acutely). In the LQ model, the β term accounts for the 

cell killing due to the interaction of sublethal damages. G modulates this term (Equation (4.7)) to 

incorporate the dependence on the time between pulses, the number of pulses, and T1/2 (39,40). 

To calculate the biological equivalent dose for a given pulsed treatment plan thus requires 

knowledge of a representative value for T1/2. 

 

Results from the single dose experiments used to determine α and β for squamous cell lines are 

shown in Figures 4.8 and 4.9, and highlight inter-tumoral heterogeneity in radiosensitivity. C-

33A, the only HPV(-) cell line in this study (Figure 4.8), is more radiosensitive than the other 

three (Figure 4.9). For example, at 6 Gy, C-33A has SF values of 0.013 and 0.024 for Cs-137 and 

Ir-192 experiments, compared to corresponding values of 0.041 and 0.042 for SW756, and 

values from 0.074 to 0.108 for CaSki and SiHa. This represents an approximate fivefold 

variation in survival at 6 Gy.  

 

In contrast to SAT deliveries, the time interval between pulses in pulsed dose experiments and 

the cell line-specific repair capacity determines the extent of repair of sublethal DNA damage. 

With faster repair rates (smaller T1/2), fewer lethal lesions are ultimately formed over the course 

of treatment. To determine G, and thus T1/2, the dose response to pulsed dose treatments was 

measured by varying the pulse size (compare Figures 4.10(a) and 10(b)) and the time interval 

(Figure 4.10(c)). Figures 4.10 illustrates the response to different fractionated treatment 

schedules using the Cs-137 source for SW756. Each data point represents plates irradiated with a 

different number of pulses. 
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When compared with the SAT responses in Figure 4.9(c), Figure 4.10 highlights the sparing 

potential of fractionated treatments using BT. At a total dose of 6 Gy, the SF of SW756 from 

pulsed dose treatments ranges from 0.062 to 0.065, approximately 60% higher than the 

corresponding range of 0.038 to 0.042 for SAT. However, a higher SF of 0.19 would be expected 

for SW756 for daily fractions of 0.68 Gy (Figure 4.11(d)), due to assumed complete sublethal 

repair between fractions (i.e. G = 1 in Equation (2.44)). This demonstrates the effects of 

incomplete repair with pulsed deliveries. As expected, a smaller dose per pulse also increases 

clonogenic survival. This can be seen in Figure 4.11, where SF curves derived from each cell 

line’s hourly pulsed dose experiments are shown against curves of single acute doses (SAT) and 

daily fractions (calculated; fraction sizes equal to the smaller hourly pulse). Figure 4.11 also 

highlights the magnitude of increased sparing as a function of increased time between pulses. 

 

 
Figure 4.8: Dose response curves for the HPV(-) C-33A cells exposed with a Cs-137 irradiator 

to single acute doses (SAT) of 0, 0.5, 1, 2, 3, 4, 5, and 6 Gy (gray data points) and HDR-

BAIRDA (black), where the doses were prescribed such that an SF of 0.15 was predicted at the 

prescription points based on the results of the Cs-137 SAT experiments. Each data point 

represents the average of triplicate experiments performed on the same day (error bars represent 

uncertainties) and three dose points were acquired for each dose level. The LQ model fit was 

performed using weighted least squares to estimate α and β (Cs-137 fit shown by the dashed gray 

line and HDR-BAIRDA in solid black).  
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PDR-BAIRDA assesses the dose response of several dose fractions on the same plate, and was 

also used to determine T1/2 values. Based on results from the multi-plate Cs-137 experiments for 

15% survival, PDR-BAIRDA was delivered using 8 hourly pulses with prescription doses per 

pulse of 0.49 Gy for C-33A, 0.72 Gy for CaSki, 0.76 Gy for SiHa, and 0.58 Gy for SW756 (AC 

lines discussed in Section 4.5.3.2). Clonogenic survival curves derived from a plate exposed to 8 

hourly pulses (and the respective control) are shown in Figure 4.12. In this case, each data point 

(i.e. ROI) corresponds to the same number of pulses, but a different dose rate (i.e. dose per 

pulse). This differs from the multi-plate Cs-137 experiments where the fraction size was 

constant, but the pulse number varied (Figure 4.10).  
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Figure 4.9: Dose response curves for the HPV(+) (a) CaSki, (b) SiHa, and (c) SW756 cells 

exposed with a Cs-137 irradiator to single acute doses (SAT) of 0, 0.5, 1, 2, 3, 4, 5, and 6 Gy 

(gray data points) and HDR-BAIRDA (black), where the doses were prescribed such that an SF 

of 0.15 was predicted at the prescription points based on the results of the Cs-137 SAT 

experiments for the respective cell lines. Each data point represents the average of triplicate 

experiments performed on the same day (error bars represent uncertainties) and three dose points 

were acquired for each dose level. The LQ model fit was performed using weighted least squares 

to estimate α and β (Cs-137 fit shown by the dashed gray line and HDR-BAIRDA in solid 

black). 
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Figure 4.10: Dose response curves from pulsed Cs-137 irradiations fitted to the LQ model using 

the weighted least squares method to estimate T1/2 for the fractionated experiments conducted in 

triplicate. SW756 cells were irradiated with (a) 9 hourly pulses of 0.68 Gy/pulse, (b) 9 hourly 

pulses of 0.94 Gy/pulse, or (c) 5 bihourly pulses of 1.2 Gy/pulse. Each data point was derived 

from a different number of pulses as indicated by the arrows and represents the average of 

triplicate experiments performed on the same day (error bars represent uncertainties). Three dose 

points were acquired for each dose level.  
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Figure 4.11: Theoretical survival curves for daily fraction, hourly fraction, and SAT irradiations 

for (a) CaSki, (b) C-33 A, (c) SiHa, and (d) SW756 cells based on radiobiological parameters 

derived in pulsed dose experiments with the Cs-137 source. The sparing effect of daily 

fractionation (presumed complete repair of sublethal DNA damage between intervals; dotted 

black line) compared to SAT (solid black line) or hourly pulses (blue and green lines) is 

illustrated.  
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Figure 4.12: Dose response curves from PDR-BAIRDA irradiations for pulsed dose experiments 

conducted in triplicate for (a) CaSki, (b) C-33A, (c) SiHa, and (d) SW756 cells. Each data point 

received 8 pulses of radiation and represents the average of triplicate experiments performed on 

the same day (error bars represent uncertainties). Three dose points were acquired for each dose 

level. The LQ model fit was performed using the weighted least squares method to estimate T1/2. 

α and β values were derived from HDR-BAIRDA experiments. 

 

Table 4.3 summarizes the radiobiological parameters (α/β ratio and T1/2) derived for the four 

SCC cell lines and the average of the four SCC lines. Welch t-test p-values compare the 

radiobiological parameters determined by the two radiation sources. To allow for t-test analysis, 

it is assumed that the α/β and T1/2 values are normally distributed and have homogenous 

variance. Implications for BT dose calculations for treatments aiming to deliver a total dose of 90 

Gy EQD2 (including an initial EBRT schedule of 45 Gy delivered in 25 fractions) are illustrated. 

With the lower α/β ratio and T1/2 values determined in this work, the radiobiological doses 

calculated for both BT techniques (HDR and PDR) differed from those calculated using 

conventional parameter values. Interestingly, the SCC cell lines studied contained examples of 
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short and long T1/2 values (e.g. C-33A, T1/2 ≈ 2 hrs; SW756, T1/2 ≈ 5 hrs), the clinical 

implications of which are discussed in Section 4.6.2. These derived T1/2 values were consistent 

between the experimental methods, whether multi-plate Cs-137 or BAIRDA Ir-192 based 

measurements (Table 4.3). 

 

Table 4.3: Summary of radiobiological parameters determined through single dose and multiple 

fraction experiments, conducted using a Cs-137 irradiator and BAIRDA (Ir-192 sources) for the 

squamous cell carcinoma cell lines. α, β, and T1/2 were calculated for each experiment, with 

results presented as a mean (95% confidence interval). p-values were used to compare the 

radiobiological parameters determined by the two radiation sources. The radiobiological dose of 

two theoretical treatments is calculated: EBRT delivering 25 fractions of 1.8 Gy followed by a 

BT boost of either HDR (4 fractions of 7.75 Gy each) or PDR (58 hourly pulses of 0.73 

Gy/pulse). These treatments deliver approximately 90 Gy EQD2 with conventional parameter 

values. Doses were recalculated for both HDR and PDR treatments using α/β ratios and T1/2 

values determined in this study. The rightmost column shows the resulting dose discrepancy in 

what would conventionally be assumed to be equivalent HDR and PDR regimens. 

 Source α (Gy-1) β (Gy-2) α/β (Gy) T1/2

 

(hr) 
Radiobiological Dose (Gy EQD2) 

HDR PDR Difference  

Clinical  

assumption 
-- -- -- 10 1.5 90.1 90.4 -0.3 

CaSki 

Cs-137 
0.21 

(0.17 - 0.25) 

0.036  

(0.029 - 0.043) 

5.8  

(4.2 - 7.3) 

3.8  

(2.9 - 4.7) 

97.7 

(94.2 - 103.3) 

114.8 

(103.2 - 132.0) 

-17.1 

(-28.7 - -7.8) 

Ir-192 
0.20  

(0.19 - 0.21) 
0.039  

(0.035 - 0.042) 
5.2  

(4.6 - 5.8) 
3.3  

(2.7 - 3.9) 
99.5 

(97.7 - 101.6) 
112.0 

(104.3 - 120.8) 
-12.5 

(-19.2 - -5.7) 

p-value 0.69 0.28 0.33 0.18 -- -- -- 

C-33A 

Cs-137 
0.35  

(0.31 - 0.39) 

0.061 

 (0.050 - 0.072) 

5.7  

(4.4 - 6.9) 

2.2  

(1.5 - 2.8) 

98.0 

(95.0 - 102.4) 

99.4 

(91.5 - 109.2) 

-1.4 

(-8.0 - 9.4) 

Ir-192 
0.31  

(0.28 - 0.34) 
0.056 

(0.046 - 0.065) 
5.6  

(4.5 - 6.6) 
2.7  

(2.0 - 3.3) 
98.3 

(95.7 – 102.0) 
104.7 

(96.3 - 114.6) 
-6.4 

(-12.6 - 2.8) 

p-value 0.076 0.30 0.82 0.11 -- -- -- 

SiHa 

Cs-137 
0.16  

(0.13 - 0.19) 

0.037  

(0.032 - 0.043) 

4.3  

(3.4 - 5.2) 

3.6  

(3.0 - 4.2) 

102.9 

(99.5 - 107.3) 

119.0 

(108.8 - 132.2) 

-16.1 

(-24.9 - -8.7) 

Ir-192 
0.18  

(0.16 - 0.20) 

0.028 

(0.024 - 0.034) 

6.3  

(4.9 - 7.7) 

2.8  

(2.4 - 3.1) 

96.4 

(93.4 - 100.5) 

104.2 

(98.6 - 110.1) 

-7.8 

(-10.6 - -2.6) 

p-value 0.17 0.06 0.05 0.06 -- -- -- 

SW756 

Cs-137 
0.27  

(0.23 - 0.31) 
0.042  

(0.034 - 0.050) 
6.5  

(4.9 - 8.1) 
4.9 

(3.9 - 5.8) 
95.9 

(92.8 - 100.5) 
121.5 

(109.2 - 138.0) 
-25.6 

(-37.5 - -16.5) 

Ir-192 
0.26  

(0.24 - 0.27) 

0.048  

(0.043 - 0.053) 

5.3  

(4.7 - 6.0) 

4.8  

(4.1 - 5.4) 

99.2 

(97.2 - 101.3) 

126.2 

(116.8 - 135.7) 

-27.0 

(-34.4 - -19.6) 

p-value 0.37 0.09 0.13 0.71 -- -- -- 

All SCC 

Cs-137 
0.25  

(0.09 - 0.41) 

0.044  

(0.021 - 0.067) 

5.6  

(3.7 - 7.4) 

3.6 

(1.4 - 5.8) 
-- -- -- 

Ir-192 
0.24  

(0.12 - 0.36) 

0.043  

(0.019 - 0.067) 

5.6  

(4.6 - 6.6) 

3.4  

(1.5 - 5.3) 
-- -- -- 

p-value 0.85 0.89 0.93 0.72 -- -- -- 

 

4.5.3.2 Adenocarcinoma 

Figure 4.13 shows the results from the single dose experiments for AC cells. As seen in Figures 

4.8 and 4.9 for the SCC cell lines, it highlights inter-tumoral heterogeneity in radiosensitivity. 

JHUCS-3 cells showed significantly higher radiosensitivity than the other cell lines and yielded 
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no colonies when exposed to >3 Gy. By comparison, both a considerable proportion of HeLa and 

SiSo cells formed colonies at 4 Gy (SF of approximately 0.25 and 0.18, respectively). Also of 

interest is the large variance in SF of SiSo cells irradiated using HDR-BAIRDA at 5.75 Gy (in 

Figure 4.13(c)). The three experiments yielded average SFs of 0.034, 0.058, 0.100, a range of 

measured SF considerably larger than other cell lines. A possible explanation for this result can 

be attributed to the small number of colonies formed; an average of 5.3, 9.3, and 12 colonies 

were identified when calculating the SFs. Therefore, the loss of a small number of colonies 

would result in large deviations between repeated measurements. 

 
Figure 4.13: Dose response curves for (a) HeLa, (b) JHUCS-3, and (c) SiSo cells exposed with a 

Cs-137 irradiator to single acute doses (SAT) of 0, 0.5, 1, 2, 3, 4, 5, and 6 Gy (gray data points) 

and HDR-BAIRDA (black), where the doses were prescribed such that an SF of 0.15 was 

predicted at the prescription points based on the results of the Cs-137 SAT experiments for the 

respective cell lines. Each data point represents the average of triplicate experiments performed 

on the same day (error bars represent uncertainties) and three dose points were acquired for each 

dose level. The LQ model fit was performed using weighted least squares to estimate α and β 

(Cs-137 fit shown by the dashed gray line and HDR-BAIRDA in solid black).  
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Based on results from the multi-plate Cs-137 experiments for 15% survival, PDR-BAIRDA was 

delivered using 8 hourly pulses with prescription doses per pulse of 0.76 Gy for HeLa, 0.20 Gy 

for JHUCS-3, and 0.67 Gy for SiSo. The clonogenic survival curves derived from a plate 

exposed to 8 hourly pulses (and the respective control) are shown in Figure 4.14 for all three AC 

cells lines. For JHUCS-3, relatively larger uncertainties were measured. This is attributed to the 

formation of more dispersed cell clusters and greater variability in cell size, increasing the 

difficulty in colony identification. 

 

 
Figure 4.14: Dose response curves from PDR-BAIRDA irradiations for pulsed dose experiments 

conducted in triplicate for (a) HeLa, (b) JHUCS-3, and (c) SiSo. Each data point received 8 

pulses of radiation and represents the average of triplicate experiments performed on the same 

day (error bars represent uncertainties). Three dose points were acquired for each dose level. The 

LQ model fit was performed using the weighted least squares method to estimate T1/2. α and β 

values were derived from HDR-BAIRDA experiments. 
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Table 4.4 summarizes the radiobiological parameters (α/β ratio and T1/2 for the three cell lines 

individually and as an average of the cell lines) derived in this work for the AC cell lines shown 

in Figures 4.13 and 4.14, and the corresponding effect on the same radiation schedules used in 

Table 4.3. A Welch t-test (assuming normal distribution and homogenous variance) is used to 

compare the results of the radiobiological parameters determined using Cs-137 and Ir-192 

experiments. Much like the SCC results, AC cell lines exhibit a lower α/β ratio than the 

conventional assumption. However, the T1/2 is lower than the conventionally used 1.5 hour 

assumption with a range of 0.59 to 1.25 hours.  

 

Table 4.4: Summary of radiobiological parameters determined through single dose and multiple 

fraction experiments, conducted using a Cs-137 irradiator and BAIRDA (Ir-192 sources) for the 

adenocarcinoma cell lines. α, β, and T1/2 were calculated for each experiment, with results 

presented as a mean (95% confidence interval). The radiobiological dose of two theoretical 

treatments is calculated: EBRT delivering 25 fractions of 1.8 Gy followed by a BT boost of 

either HDR (4 fractions of 7.75 Gy each) or PDR (58 hourly pulses of 0.73 Gy/pulse). These 

treatments deliver approximately 90 Gy EQD2 with conventional parameter values. Doses were 

recalculated for both HDR and PDR treatments using α/β ratios and T1/2 values determined in this 

study. The rightmost column shows the resulting dose discrepancy in what would conventionally 

be assumed to be equivalent HDR and PDR regimens. 

 Source α (Gy-1) β (Gy-2) α/β (Gy) T1/2

 

(hr) 
Radiobiological Dose (Gy EQD2) 

HDR PDR Difference  

Clinical  

assumption 
-- -- -- 10 1.5 90.1 90.4 -0.3 

HeLa 

Cs-137 
0.19  

(0.14 - 0.24) 

0.042  

(0.030 - 0.054) 

4.6  

(2.8 - 6.4) 

1.19 

(0.53 - 1.85) 

101.6 

(96.1 - 111.3) 

89.2 

(78.1 - 101.8) 

12.4 

(0.6 - 33.2) 

Ir-192 
0.20  

(0.19 - 0.22) 
0.039  

(0.034 - 0.044) 
5.2  

(4.5 - 6.0) 
1.25 

(1.17 - 1.34) 
99.5 

(97.2 - 102.0) 
89.6 

(88.9 - 90.5) 
9.9 

(7.2 - 12.8) 

p-value 0.55 0.49 0.39 0.79 -- -- -- 

JHUCS-3 

Cs-137 
1.14  

(1.01 -1.27) 

0.264  

(0.204 - 0.325) 

4.3  

(3.2 - 5.4) 

1.54 

(0.14 - 2.94) 

102.9 

(98.9 - 108.6) 

93.2 

(74.1 - 115.7) 

9.7 

(-8.4 - 34.4) 

Ir-192 
1.07  

(1.03 -1.11) 
0.269  

(0.234 - 0.404) 
4.0  

(3.4 - 4.5) 
1.13  

(0.88 - 1.38) 
104.2 

(102.0 – 107.3) 
88.0 

(84.8 - 92.7) 
16.2 

(10.3 - 22.3) 

p-value 0.20 0.83 0.42 0.42 -- -- -- 

SiSo 

Cs-137 
0.21  

(0.18 - 0.24) 
0.060  

(0.053 - 0.067) 
3.5  

(2.8 - 4.1) 
0.55 

(0.50 - 0.61) 
106.8 

(103.7 - 111.3) 
80.0 

(78.1 - 81.5) 
26.8 

(22.3 - 33.2) 

Ir-192 
0.21  

(0.19 - 0.23) 

0.057  

(0.048 - 0.063) 

3.8  

(3.1 - 4.4) 

0.59 

(0.53 - 0.65) 

105.2 

(102.4 - 109.2) 

80.9 

(79.1 - 82.2) 

24.3 

(20.2 - 30.1) 

p-value 0.83 0.24 0.32 0.21 -- -- -- 

All AC 

Cs-137 
0.51  

(-0.55 - 1.57) 

0.122  

(-0.120 - 0.364) 

4.1  

(3.0 - 5.2) 

1.09 

(0.11 - 2.07) 
-- -- -- 

Ir-192 
0.49 

(-0.49 - 1.47) 

0.121  

(-0.130 - 0.372) 

4.3  

(2.8 - 5.8) 

0.99  

(0.30 - 1.68) 
-- -- -- 

p-value 0.96 0.99 0.73 0.79 -- -- -- 
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4.5.3.3 Comparison of Results against Clinical Assumptions 

The average SCC and AC radiobiological parameter values are compared against the clinical 

assumptions in Table 4.5. For each cancer type and each radiation source (Cs-137 and Ir-192), 

Student t-tests compare the experimentally determined α/β and T1/2 against the clinical 

assumption (10 Gy and 1.5 hr, respectively).  

 

Table 4.5: Summary of the average radiobiological parameters determined through single dose 

and multiple fraction experiments, conducted using a Cs-137 irradiator and BAIRDA (Ir-192 

source) for squamous cell carcinoma and adenocarcinoma cell lines. α/β and T1/2 are presented as 

a mean (95% confidence interval). p-values are shown comparing the experimental results 

against the conventional clinical assumption using Student t-tests. 

 

 Source α/β (Gy) T1/2
 
(hr) 

Clinical  

assumption 
-- 10 1.5 

All SCC 

Cs-137 
5.6  

(3.7 - 7.4) 

3.6 

(1.4 - 5.8) 

p-value vs Clinical Assumption <0.01 0.03 

Ir-192 
5.6  

(4.6 - 6.6) 

3.4  

(1.5 - 5.3) 

p-value vs Clinical Assumption <0.01 0.03 

All AC 

Cs-137 
4.1  

(3.0 - 5.2) 

1.09 

(0.11 - 2.07) 

p-value vs Clinical Assumption <0.01 0.28 

Ir-192 
4.3  

(2.8 - 5.8) 

0.99  

(0.30 - 1.68) 

p-value vs Clinical Assumption <0.01 0.13 

 

There were statistically significant differences (p < 0.05) between the α/β values used clinically 

and those determined for both SCC and AC. However, the clinically assumed T1/2 was 

statistically different for only SCC. Statistically significant differences in α/β values were not 

identified when comparing SCC against AC with Welch t-tests for both Cs-137 (p = 0.20) and Ir-

192 (p = 0.07), but were found for T1/2 for both Cs-137 (p = 0.01) and Ir-192 (p = 0.01). 

 

4.5.3.4 Comparison of Estimated T1/2 with Hourly and Bihourly Pulses 

A comparison of the T1/2 values reported with Cs-137 irradiator experiments using both hourly 

and bihourly fractions for all cell lines is shown in Table 4.6. For each cell line, Welch t-tests 

(assuming normal distribution and homogenous variance) are used to make the comparisons. 

Statistically significant differences (p < 0.05) were not identified for any cell line. 
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Table 4.6: Summary of the T1/2 values determined through 9 hourly and 5 bihourly fractions 

using the Cs-137 irradiator for squamous cell carcinoma and adenocarcinoma cell lines. T1/2 is 

presented as a mean (95% confidence interval). p-values are shown comparing the results 

between the hourly and bihourly experiments of the same cell line using Welch t-tests. 
Cell Line Fractionation Schedule T1/2 (hr) 

CaSki Hourly 3.3 

(2.7 - 3.9) 

Bihourly 3.5 

(3.0 - 4.0) 

p-value 0.43 

C-33A Hourly 2.7 

(2.0 - 3.3) 

Bihourly 2.1 

(1.5 - 2.7) 

p-value 0.07 

SiHa Hourly 2.8 

(2.4 - 3.1) 

Bihourly 2.9 

(2.3 - 3.4) 

p-value 0.68 

SW756 Hourly 4.8 

(4.1 - 5.4) 

Bihourly 4.5 

(3.9 - 5.1) 

p-value 0.32 

HeLa Hourly 1.19 

(0.53 - 1.85) 

Bihourly 1.35 

(0.58 - 2.12) 

p-value 0.61 

JHUCS-3 Hourly 1.54 

(0.14 - 2.94) 

Bihourly 1.78 

(0.85 - 2.71) 

p-value 0.65 

SiSo Hourly 0.55 

(0.50 - 0.61) 

Bihourly 0.49 

(0.34 - 0.64) 

p-value 0.30 
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4.6 Discussion 

 

4.6.1 BAIRDA as a Means to Study BT Radiobiology 

By measuring different dose responses on a single plate, and after a single or a series of 

exposures, BAIRDA is a platform that allows the determination of α, β, and T1/2 for a particular 

cell line in a timely and cost-effective way. The use of BAIRDA in the study of the dose 

response to SATs allows for a consistent irradiation time, and therefore a standardization of the 

Lea-Catcheside time factor, for all dose measurements. In SATs where the dose rate is constant 

for all exposures (such as with the Cs-137 source), irradiation times are varied to deliver 

different doses. Furthermore, BAIRDA is easily modifiable to integrate environmental changes. 

Previous studies utilized multi-plate experimentation and were limited to irradiation under 

atmospheric oxygen concentration. The setup described here can readily be modified to expose 

cells to conditions of physoxia or hypoxia, thus more closely resembling a tumor 

microenvironment. Future studies on the influence of combining radiation with systemic therapy 

agents (cisplatin being the gold standard chemotherapy agent given concurrent with EBRT for 

LACC) could also make use of BAIRDA to efficiently screen potential novel BT radiosensitizers 

for efficacy. Besides its utility to investigate clinically relevant questions, the broad and efficient 

applicability of BAIRDA also provides an ideal tool to deepen the understanding of 

radiobiological phenomena.  

 

4.6.2 Representative Radiobiological Parameters for the Clinic  

Current clinical assumptions used in radiobiological dose prescriptions come with several 

caveats: tumor heterogeneity is a common feature of most cancers, including cervical cancer. 

Although established cancer cell lines are not homogenous, the tumor microenvironment has an 

additional impact on the response to ionizing radiation (41,42). It is therefore imperative to use 

values for α/β and T1/2 in the clinic that, although not knowable for a particular patient’s tumor, 

are representative enough to allow a meaningful estimation of the radiobiological dose. While 

several previous studies have investigated the dose response of cervical cancer cell lines 

including sublethal damage repair, the findings reported here are the first to be based on the use 

of clinical BT sources (9,43,44,45,46,47,48).  
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4.6.2.1 Comparison of Parameter Values to Previously Published Findings 

As mentioned in Chapter 2, previously reported values for α/β and T1/2 varied from 6 to 21 Gy 

and 0.15 to 5.7 hours, respectively, for cervical cancer. Compared to the clinically used value of 

10 for α/β, this study reports derived α/β ratios for the SCC lines (4.3 to 6.5 Gy) that are low 

relative to the previously reported range of values. On the other hand, the derived T1/2 values are 

larger (2.2 to 4.9 hours) than the clinical assumption (1.5 hours) but still within the range 

previously reported, thus adding confirmatory in vitro evidence that the singular value used in 

clinical practice is probably not sufficiently representative for the treatment population. Decades 

ago, Kelland and Steel reported α, β, and T1/2 values based on a clonogenic survival assay of five 

SCC cell lines irradiated in vitro with a Co-60 source, a source that has also recently found 

application in BT afterloaders (9). A Welch t-test calculation showed that their results do not 

differ significantly from our findings, which for the first time were generated in part from a 

clinical Ir-192 afterloader. However, there is a substantial departure from more contemporary 

reports, including that of a much larger α/β (95% confidence interval for α/β: 20.83 Gy to an 

infinitely large value, assuming T1/2 of 1.5 hours) and smaller T1/2 (95% confidence interval: 0.00 

to 0.64 hours, assuming α/β of 10 Gy) by Roberts et al (10). A similar comparison cannot be 

performed for the results with the AC cell lines as no study of the radiobiological parameters for 

these cells has been reported previously. 

 

4.6.2.2 Monoexponential Repair of Cells 

Both hourly and bihourly radiation deliveries were used to investigate repair kinetics. The 

assumption of a constant halftime of repair implies monoexponential radiation repair kinetics, 

while previous publications suggest repair kinetics may be biexponential (32). Fractionated 

hourly and bihourly experiments were utilized with both SCC and AC to check for potential non-

exponential repair using Cs-137. Considering a monoexponential repair, both experiments had 

doses set such that the SF after the maximum number of pulses (9 hourly or 5 bihourly) was 

15%. If the repair was non-monoexponential and contained a “slow” and a “fast” component, the 

repair rate will slow down as the time between pulses increases, and the resulting repair for the 

bihourly pulses will be less than the more frequently irradiated hourly plates. Fitting the 

experimental results to the modified LQ model would thus lead to differences in T1/2 obtained 

from hourly and bihourly experiments in the case of non-monoexponential repair. The results 
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shown in Table 4.6 did not indicate a statistically significant difference between the hourly and 

bihourly T1/2. In addition, the mean R2 goodness of fit metric value was 0.978 [0.954 - 0.993], 

suggesting that the monoexponential repair model fit the data very well. The experimental results 

hence provide no evidence for non-monoexponential repair kinetics within clinically relevant 

values. 

 

4.6.2.3 Potential Clinical Implications 

While additional factors affect the clinical tumor response (e.g. tumor heterogeneity, hypoxia), 

the radiobiological parameters reported here may have noteworthy clinical implications. For 

radiobiological dose prescriptions, the current recommendation for curative treatment of LACC 

is to deliver 90 to 95 Gy EQD2 to HR-CTV D90 (49). Tables 4.3 and 4.4 display the difference 

in doses calculated using two treatment schedules, delivered with HDR and PDR, that satisfy a 

90 Gy EQD2 prescription when calculated using the conventional α/β ratio and T1/2 for tumors, 

for the different combinations of radiobiological parameter values from the experimental results 

for each cell line.  

 

4.6.2.3.1 Squamous Cell Carcinoma 

Though the radiobiological dose from either treatment schedule is nearly equivalent for C-33A, 

the radiobiological dose of the PDR BT boost is significantly larger than for HDR BT for the 

other three SCC cell lines. This trend can be understood from the reported parameter values, as it 

has previously been demonstrated that a lower α/β ratio or T1/2, compared to conventional values, 

results in HDR BT delivering more radiobiological dose than a clinically equivalent PDR BT 

treatment (11). A small α/β ratio and large T1/2 may result in these effects “canceling out” for C-

33A while the larger T1/2 of other cell lines overwhelm this effect, resulting in a higher 

radiobiological dose being delivered by PDR BT. Due to the limited inferences that can be made 

from in vitro data, no matter how well designed the assay, further investigations are needed to 

verify and understand the trend of higher estimated PDR BT dose (up to 27 Gy EQD2 based on 

the BAIRDA findings). The potential impact of such a large dose variance between standardly 

calculated and data-informed estimates, in terms of tumor control and organ-specific toxicity, 

may be profound. Therefore, the concept of using tumor-specific derived radiobiological 

parameters carries great potential for clinical applicability. It remains to be seen whether PDR 
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BT may provide clinical benefits over HDR BT. Perhaps, if the in vitro derived parameters can 

be demonstrated to hold true clinically, PDR BT prescriptions may inherently achieve reduced 

dose to adjacent normal tissue while still delivering the same tumor radiobiological dose as an 

HDR BT prescription. However, such equivalency also depends on the tissue-dependent dose 

response of the normal tissue, which is not as well characterized in BT setups. At the very least, 

for SCC, clinical PDR BT may currently be delivering a higher radiobiological dose than the 

conventionally equivalent HDR BT and, for the same dose limits to the OAR, PDR BT may be 

capable of delivering a higher radiobiological dose. Alternatively, the results also suggest that 

HDR BT may require dose escalation to achieve the same radiobiological dose as the 

conventional PDR BT equivalent (an escalation that may require delivering additional dose to 

the OARs). 

 

4.6.2.3.2 Adenocarcinoma 

For all three AC cell lines, the radiobiological dose calculated for the HDR BT boost, using the 

parameters determined in this study, was found to be significantly larger than for PDR BT. 

While the AC cell lines exhibited a similar α/β ratio to SCC (as differences in the α/β ratio are 

considered not statistically different, as shown in Table 4.5), the smaller T1/2 values compared to 

SCC decreased the radiobiological dose for a PDR BT boost versus the clinically equivalent 

HDR BT boost (11). No “canceling out” effect was identified as both findings (smaller α/β and 

smaller T1/2) would result in a higher radiobiological dose from HDR BT relative to PDR BT. 

These results highlight the potential for improving clinical treatments based on cancer type; 

should the radiobiological parameters in this chapter represent a trend that is clinically replicable, 

it may be advantageous to select a BT boost based on the cancer type (i.e. HDR BT for AC and 

PDR BT for SCC). As many centers only use HDR BT, such findings may identify a potential 

benefit in the development of afterloaders capable of delivering both HDR and PDR BT.  

 

As with the SCC findings, there are limited inferences that can be made from in vitro data. This 

is further highlighted by the smaller sample size and the large range of reported α values. Further 

investigation is required in vivo to verify a potential variance in T1/2 based on cervical cancer 

type. Alternatively, a review of previous clinical outcomes may help corroborate the in vitro 

findings. If a comparison of AC cervical cancer patients treated with HDR and PDR BT 
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demonstrates that patients treated with HDR BT have an improved rate of tumor control, it may 

provide support for these results. 

 

4.6.2.4 Limitation in Findings 

It would be premature to adjust dose prescriptions in the clinic as radiobiological parameters 

identified in vitro may not be reflective of clinical parameter values. For example, in a review of 

previously published α/β and T1/2 values for prostate cancer, Carlson et al identified that in vitro 

experiments with prostate cancer cells may yield α/β values that are 1.3 to 6.2 times larger and 

T1/2 values that are significantly longer than radiobiological parameters identified in vivo using 

clinical outcomes data (50). Kirsch et al highlights the potential importance of metabolism, stem 

cells, and microenvironments to understand tumor response in vivo (51). The heterogeneity in 

cell populations further complicates interpretation of the relationship between in vitro and in vivo 

radiobiological parameters (52). 

 

There are limitations in the experimental methodology. This study mainly included HPV(+) cell 

lines. Other forms of cervical cancers, such as HPV(-) cancers that represent a minority of 

clinical cases, have been associated with poor prognosis (7,53,54). While the HPV(-) C-33A 

included in this study was found to be radiosensitive, generalizations cannot be made with 

respect to HPV status based on a single cell line. Further investigation, including a larger panel 

of cervical cancer cells, can provide better insights, with potential applicability to variances 

observed in clinical outcomes. Indeed, limitations to clinical translatability abound, which will 

require due consideration to overcome. For example, the clonogenic survival assays were 

performed under well-oxygenated environments with sufficient nutrients. Cervical cancers 

frequently develop hypoxic regions, where neither nutrients nor oxygen is abundant, resulting in 

increased radiation resistance (55,56). Furthermore, the in vitro experiments only considered the 

radiation aspect, while clinical LACC treatment regimens standardly include chemotherapy for 

radiosensitization. Other mechanisms of cell kill, such as radiation-induced immune responses in 

vivo, are not accounted for in the current methodology (7). Dose prescriptions in these 

experiments utilize point-based prescriptions while clinical treatments utilize volumetric 

prescription (e.g. D90) with extreme dose heterogeneities in the volume (49). However, SF 

measurements have to be performed using discrete doses, precluding the use of more clinically 
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relevant volume-based prescriptions in such measurements. Extension of the in vitro studies to 

preclinical settings utilizing animal models may be a first step towards establishing 

transferability of the reported radiobiological parameters to the clinic.  

 

Clinical HDR-BT treatments involve doses higher than the endpoint dose of 6 Gy selected in this 

study. Modifications to the Cs-137 and BAIRDA experiments, such as the use of larger tissue 

culture plates or the use of increased cell seeding, could help characterize the response at higher 

doses. However, for the latter, it should be noted that increasing the number of cells seeded can 

increase plating efficiency (57) and may result in overcrowding on plates, which affects SF 

calculations if not properly accounted for (e.g. seeding the same number of cells on each tissue 

culture plate).  

 

Extrapolation of the findings to high dose levels is limited by the modified LQ model, which has 

been shown to overestimate cell death at high doses per fraction (58). It should be noted that the 

precise limitations of the model are still debated (52). For example, in back-to-back 

commentaries, Brenner suggests that the use of the LQ model is reasonable for fraction sizes up 

to 18 Gy, while in contrast, Kirkpatrick et al highlights inadequacies of the model in describing 

the response to radiosurgical doses (31,59). Similar to the latter, the assumption of a quadratic 

component to the SF is not reflected in previous experimental hypofractionated studies. Both 

Lobrich et al and Rydberg et al identified decreasing rates of cellular misrepair (leading to 

decreased cell death compared to the LQ model projection) in fibroblast cells irradiated above 20 

Gy (60,61). Such uncertainties in the underlying assumptions of the LQ model motivates future 

experiments to explore cell survival at high doses of radiation, for improved radiobiological 

modeling. Further studies could also investigate the accuracy and potential benefits of 

radiobiological dose calculation using alternative response models to the LQ model (52).  
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4.7 Conclusion 

Radiobiological dose prescription is recommended for clinical treatment planning and 

comparison of treatments from different BT techniques in cervical cancer. However, previous 

studies have reported a wide range of α/β ratios and T1/2 values based on the results of 

experiments using different radiation schedules and sources. Four SCC and three AC cell lines 

were irradiated in vitro using a traditional Cs-137 irradiator and a novel system (BAIRDA) 

developed to mimic HDR and PDR delivery conditions for single acute fractions and 

fractionated schedules. Validated against Cs-137 techniques, the BAIRDA experiments 

identified α/β ratio values in the range of 3 to 7 Gy, which are smaller than the conventional 

value of 10 Gy for cervical cancers, and T1/2 values in the range of 2 to 5 hours for SCC 

(statistically significant difference from the conventional value) and 0.5 to 1.5 hours for AC (not 

statistically significant from the conventional value). Results using BAIRDA suggest that PDR-

BT boosts may deliver more radiobiological dose compared to what is conventionally assumed 

to be equivalent-dose HDR-BT treatments. These findings highlight the need for further 

investigation in more clinically relevant scenarios to elucidate any real-world radiobiological 

differences between PDR-BT and HDR-BT that could lead to improved patient outcomes. In 

addition, the superior BAIRDA configuration presents potential advantages in multiple fields of 

in vitro investigation. 
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CHAPTER 5 

UNCERTAINTY ANALYSIS 

 

A version of this chapter is being published as: Chow B, Warkentin B, McEwen M, Huang F, 

Nanda K, Gamper AM, Menon G. Uncertainties associated with clonogenic assays using a Cs-

137 irradiator and Ir-192 afterloader: A comprehensive compilation for radiation researchers. 

Rad Res. In press 2022. 

 

5.1 Introduction 

Clonogenic assays are considered the gold standard for measuring cell clonogenic survival. 

Common applications include the measurement of a cell line’s chemosensitivity or 

radiosensitivity (1,2,3). Radiosensitivity is measured by counting the number of colonies formed 

by cells after irradiation to different doses, which establishes the dose dependence of the 

clonogenic capacity retained by surviving cells (“clonogenic survival”). Clonogenic survival is 

often described using the LQ model, which includes cell line specific radiobiological parameters 

(e.g. α/β ratio and T1/2) (4,5,6,7). In recent years, radiation oncologists are increasingly 

acknowledging the need to prescribe treatment doses based on radiobiological considerations by 

incorporating the α/β and T1/2 parameters, which makes the accurate and precise characterization 

of the parameters crucial.  

 

As discussed in Chapter 4, studies involving in vitro clonogenic assays have traditionally utilized 

irradiators with radioactive sources such as Co-60 or Cs-137, favored because of the practical 

benefits of their long half-lives (8,9,10). However, these sources are not representative of the 

source most frequently utilized in cervical cancer brachytherapy (Ir-192) in either photon energy 

or dose rate. Hence, to more accurately determine radiobiological parameters using clinical Ir-

192 afterloaders, Chapter 4 covered the development of BAIRDA for cell irradiation and its 

application to estimate the α/β ratio and T1/2 of cervical cancer cells. 

 

Estimation of radiobiological parameters from in vitro cell experiments is inherently influenced 

by uncertainties affecting both the radiation delivery and the biological response. Several 

uncertainties, mainly relating to biological response, have been reported for in vitro cell 
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experiments when using irradiators. Biological response uncertainties can arise from differences 

in cell attachment times (the time between seeding cells and delivery of radiation), effects of 

hypothermia on cell killing, and variance in the number of cells seeded on a tissue culture plate 

(11,12). The combined impact of such uncertainties, along with those uncertainties relating to 

dose delivery by the irradiator, is not known and may have a more significant effect on the 

reliability and reproducibility of experimental findings than is currently perceived.  

 

A detailed investigation of uncertainties associated with cell survival measurements, including 

the effect of cell seeding uniformity, source calibration, and differences between planned and 

delivered doses is presented in this chapter, along with a comprehensive evaluation of the impact 

of the combined uncertainties on the estimated radiobiological parameters. In a systematic 

investigation of these uncertainties, specific uncertainties have been identified related to cell 

experiments using the novel BAIRDA method, the first in vitro setup to use clinical afterloaders 

featuring Ir-192. This provides valuable insights to both the radiation research community, who 

rely on Cs-137 irradiators for cell-based assays, and those who will use BAIRDA with Ir-192 for 

cell experiments. 

 

5.2 Uncertainty Analysis and Results 

Chapter 4 gives a detailed account of the experimental methods used for the surviving fraction 

measurements. The following sections report the different uncertainties associated with 

clonogenic assay experiments performed using the Cs-137 irradiator and BAIRDA. The impact 

of these uncertainties on the measured SF and dose delivered is quantified. 

 

5.2.1 Uncertainties in SF Associated with Experimental Procedures and Analysis 

Uncertainties related to the experimental setup and the analysis of clonogenic assays, including 

the number of cells seeded, the cell seeding uniformity, and the effect of temperature on the 

seeded cells when removed from the incubator, were investigated using measurements with 

SW756 cells. All measurements were performed in triplicate by a single operator and repeated 

three times to ensure consistency in results. 
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5.2.1.1 Cell Seeding Density 

Calculation of SF assumes that the irradiated and control plates were seeded with the same 

number of cells. Seeding is performed by pipetting cells from a diluted solution onto the tissue 

culture plate (13). Finely graduated micropipettes assist in reducing the variation in the volume 

of solution pipetted for the seeding procedure. Even with this controlled effort, the seeding 

process could result in some plates being seeded with a slightly different number of cells. The 

variance in the number of cells seeded in the triplicate plates of the same experiment will affect 

the SF. For example, Batista and Alberini measured a 1.5 to 2.3% uncertainty when pipetting 

100 μL with 1000 μL micropipettes (14). For this analysis, 3,000 cells (in a volume of 3,000 μL 

dispensed with a 1,000 μL micropipette) were seeded on 10 cm tissue culture plates and 

incubated without irradiation (similar to control plates). The number of colonies formed was 

counted following an incubation period of 12 days, the length of time empirically determined by 

pilot experiments, to establish 50-cell colonies with SW756. Ideally, plates with the same 

number of seeded cells should form an equal number of colonies. However, the average number 

of colonies counted was 1096.3 ± 37.5 colonies, indicating a variance of 3.4%. 

 

5.2.1.2 Cell Seeding Uniformity 

In BAIRDA, Equation (4.3) calculates SFIr assuming an initial uniform seeding of cells (same 

number of cells per unit area) on the tissue culture plate that would result in a uniform 

distribution of colonies if not irradiated. However, both non-uniform cell seeding and the 

stochastic nature of colony formation in the ROIs, can affect SFIr. This uncertainty was estimated 

by seeding three 10 cm tissue culture plates with 3,000 cells and incubating them without 

irradiation. The colony density (colonies per unit area) in each of the thirteen ROIs used for 

HDR-BAIRDA was counted and compared against the average density on the whole plate. The 

colony density in the ROIs, from triplicate measurements, varied from the average density by 

±2.0% [-2.3% - +4.7%]. The average deviation in SFIr from the expected SF (1.00) in each ROI 

for the control plate in Figure 5.1 (a) is shown in Figure 5.1(b).  

 

In comparison, for the Cs-137 irradiator measurements, Equation (4.1) calculates SFCs using the 

number of colonies counted on an entire plate and therefore will not be affected by cell 

uniformity (barring extreme cases such as cell clusters). 
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Figure 5.1: (a) A control plate of SW756 cells overlaid with the 13 ROIs used in the 

corresponding HDR-BAIRDA experiments. (b) The average deviation from the expected SF 

(1.00) in each ROI shown in (a) from 3 plates. Error bars represent the standard deviation in the 

values identified for each ROI. 

 

5.2.1.3 Cell Attachment Times 

The incubation time from seeding to irradiation (attachment or adherence time) could affect the 

calculated SF. Depending on the cell line, the time for cells to adhere to the tissue culture plates 

after seeding varies (13,15,16). Shorter periods may limit maximum cell attachment to the plates 

while longer periods could result in cell proliferation between seeding and irradiation. 

Attachment times reported in the literature have a wide range; for the human lung cancer cell line 

A549, attachment times of 2 to 24 hours have been reported (17,18,19). Despite this, the impact 

of such variance on clonogenic assays has received limited attention. For this analysis, the effect 

of using different adherence time intervals was estimated using five triplicate sets of 6 cm tissue 

culture plates: one set was used as the control and the other four were irradiated with 2 Gy in the 

Cs-137 irradiator following an attachment time of 2, 4, 6, and 8 hours after seeding. SFCs for the 

four attachment times were calculated to be 0.371 ± 0.041, 0.380 ± 0.028, 0.371 ± 0.021, and 

0.380 ± 0.025, indicating no discernible trend with increasing attachment times. As the variance 

in SF (0.006 or 1.5%) is smaller than the uncertainty associated with the number of cells seeded 

(3.4%), the impact of attachment time was considered to be not significant. This result suggests 

that an attachment time in the range of 2 to 8 hours does not affect the SF calculated for the 

SW756 cell line. 
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5.2.1.4 Cell Hypothermia During Radiation 

Cells used for in vitro experiments are typically incubated at 37°C, the optimum temperature for 

the growth of human cells. During the irradiator and HDR-BAIRDA experiments, the tissue 

culture plates were exposed to room temperature for up to 30 minutes (includes time to transport 

cells for irradiation and time for irradiation). Studies have reported that mild hypothermia (30 to 

33°C) could affect cell metabolism (20,21). van Rijn et al noted that cells kept under 

hypothermic conditions (24 hours at 25°C) were more radiosensitive than cells incubated at 37°C 

prior to irradiation (11). 

 

To measure the temperature drop, three 6 cm and 10 cm tissue culture plates were filled with 4 

mL and 10 mL of tissue culture medium, respectively (the standard volume used during 

culturing). Each plate was heated to 37°C in the incubator and then exposed to room temperature 

for up to 45 minutes. A plot of the temperature (measured using a remote-monitoring 

thermocouple; Cole-Palmer, Vernon Hills IL) against time of exposure to room temperature is 

shown in Figure 5.2(a). When a plate is left exposed to room temperature, it will asymptotically 

approach room temperature. The temperature of the medium in the 6 cm and 10 cm plates was 

observed to drop to 25.0 ± 0.2°C and 25.7 ± 0.6°C, respectively, when the plates were exposed to 

room temperature for 30 minutes, the maximum time the plates were outside the incubator 

during the experiments reported in Chapter 4. 

 

To investigate the effect of brief hypothermia, three triplicate sets of 6 cm tissue culture plates 

were seeded with 1,000 cells - one control and two for irradiation. The latter sets were irradiated 

to 2 Gy in the Cs-137 irradiator, either (i) as quickly as possible after removal from the incubator 

(within 5 minutes of removal) or (ii) 30 minutes after removal from the incubator. The SFCs 

calculated for the two cooling times were 0.399 ± 0.044 and 0.402 ± 0.055, respectively, 

suggesting no significant effect on survival when cells are exposed to room temperature for up to 

30 minutes. 

 

During PDR-BAIRDA, the tissue culture plates were kept at approximately 37°C using a water 

bath (Figure 4.3(a)). The temperature of the water bath was monitored hourly over the course of 

three 8-hour experiments using a mercury thermometer. The deviation of the temperature of the 
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water bath (used as a surrogate for the temperature of the cell culture media) from the average 

temperature of the bath over the course of an experiment is presented in Figure 5.2(b). The 

average temperature for an experiment varied slightly between experiments due to fluctuations in 

the water bath output on a day-to-day basis (36.1 ± 0.2°C). The water bath also held the 

temperature relatively constant over the course of an 8-hour experiment: the average deviation 

for the 8 hourly relative temperature readings (the measurements shown in Figure 5.2(b)) was 

0.25°C. This temperature stability over the course of PDR-BAIRDA experiments limits the 

possibility for potential hypothermia.  

 

 
Figure 5.2: (a) Drop in temperature of media in 6 cm and 10 cm tissue culture plates when 

exposed to room temperature for 35 and 45 minutes, respectively. (b) Deviation in the 

temperature of the water bath from the average temperature during three 8-hour experiments. 

Error bars in both represent the standard deviation in the measurement. 

 

5.2.1.5 Colony Definition 

A colony has traditionally been defined as a cluster of ≥50 cells (22). This definition is not 

consistently applied and some studies define colonies as clusters of 100 cells (19,23). A study by 

Yohem et al measured SF of multiple melanoma cell lines with colony size definitions between 

25 and 100 cells per cluster and identified a shallower survival curve (lower cell death) for 

smaller colonies (23). They suggest the length of incubation post-irradiation may be a source of 

this variance; insufficient incubation time may lead to difficulty distinguishing a slow-growing 

colony from an abortive colony (a colony unable to continue growth) (23). 

 

To evaluate the sensitivity of colony size definition on radiobiological parameter estimation, 10 

cm tissue culture plates seeded with 3,000 cells were irradiated by HDR-BAIRDA. The cells 
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were stained 12 days after irradiation and SFIr calculated using colonies defined either as clusters 

of 50 (“50 cell reference colony”) or 100 cells (“100 cell reference colony”). The average 

deviation in the measured SFIr was ±2.7% [-6.6% - +5.4%] across all 13 ROIs used in HDR-

BAIRDA analysis (Figure 4.5(a)). Both colony definitions yielded similar radiobiological 

parameters: α = 0.27 (95% confidence interval, 0.25 - 0.29) Gy-1 and β = 0.050 (0.043 - 0.059) 

Gy-2 for a 100 cell reference colony, compared to α = 0.25 (0.23 - 0.26) Gy-1 and β = 0.050 

(0.045 - 0.054) for the 50 cell reference colony. 

 

5.2.1.6 Subjectivity in Colony Counting 

Manual colony counting, the most common approach, introduces both intra- and inter-operator 

subjectivity in the counting process as the process is subject to variances in operator (the 

individual counting colonies) bias (24). Even though the counting statistics may be improved 

when multiple operators independently count colonies, it could introduce inter-operator 

subjectivity. To reduce this variance, a single experienced operator (Braden Chow) performed 

the colony counting process reported in this thesis.  

 

To identify the extent of intra-operator subjectivity in colony identification, select blinded 10 cm 

tissue culture plates seeded with 3,000 cells were recounted (Operator 1, Braden Chow). The 

number of cells counted differed by 0.7 ± 0.1% over the course of three measurements. This low 

rate of uncertainty suggests that the impact of intra-observer subjectivity may play only a small 

role in SF calculation. Inter-operator variance was quantified by recounting the number of 

colonies for a triplicate experiment (Cs-137 SAT irradiation) by two operators (Operator 1 and 2 

(Kareena Nanda)) and also using an Oxford Optronix ColCount (Abingdon, United Kingdom) 

colony counter. The colony counter digitizes 6 cm tissue culture plates with an imager (Figure 

5.3(a)) and detects colonies automatically using the ColCount software (Abingdon, United 

Kingdom) (Figure 5.3(b)).  
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Figure 5.3: (a) The Oxford Optronix Colcount imager. 6 cm tissue culture plates are inserted 

into the imager’s tray, which digitizes the plate for analysis. (b) A screenshot of the ColCount 

image analysis software measuring the number of colonies identified for a control plate with 

SiSo cells. Colonies are identified automatically from the scan (red dots) and the total number of 

colonies is reported in the center of the image. 

 

A higher variation in colony counts was observed between Operator 1 and the colony counter 

(>20%) than between Operators 1 and 2 (<12%). However, the resulting variance in the SF was 

much lower than the variance in colonies counted, both between Operator 1 and the colony 

counter (random uncertainty of 4.6 ± 2.2%) and between Operators 1 and 2 (4.1 ± 2.3%). This 

indicates internal consistency in the counting: an operator or colony counter that counts a higher 

number of colonies on a control plate will also count more colonies on an irradiated plate. It 

should be pointed out that an automated colony counter needs to be trained by an operator to 

remove false positives and false negatives in the counted colonies, thereby introducing an 

element of intra-operator subjectivity. Hence, the variance between Operators 1 and 2 was taken 

as the inter-operator uncertainty.  
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5.2.2 Dosimetric Uncertainties Associated with the Cs-137 Irradiator 

The dose delivered to the tissue culture plates in the Cs-137 irradiator is dependent on the 

irradiator calibration and associated uncertainties, the uniformity of dose within the irradiator, 

and the alignment of tissue culture plates during radiation delivery. These uncertainties were 

quantified either through ion chamber or radiochromic film measurements. All measurements 

were repeated three times to ensure reliability of the results. 

 

5.2.2.1 Cs-137 Irradiator Calibration 

The exposure time required to irradiate the experimental tissue culture plates to the desired dose 

is estimated from the dose rate specified at the time of irradiator calibration. To confirm the dose 

rate in the irradiator, which had not been recalibrated since the original installation (November 

1992), a PTW 30013 ion chamber and PTW Unidos Webline electrometer (PTW-Freiburg, 

Freiburg, Germany) pair was used. The equipment pair, calibrated in a Co-60 beam at the 

National Research Council of Canada in July, 2021, had an air kerma calibration coefficient 

(Nk,Co-60) of 4.956 cGy/nC (with an expanded uncertainty (k = 2) of 1.0%). Nk,Cs-137 for the Cs-

137 radiation was determined from Nk,Co-60 by: 

𝑁𝑘,𝐶𝑠−137 = 𝑘𝑄,𝐶𝑠−137𝑁𝑘,𝐶𝑜−60     (5.1) 

The value of kQ,Cs-137, the quality conversion factor for Cs-137 for the PTW 30013 ion chamber 

was taken to be 1.002 (25). Kang et al estimated kQ using the following equation (25), 

𝑘Q,𝑄0
≃

[𝑠𝑤,𝑎𝑖𝑟 𝑃𝑄]
𝑄

[𝑠𝑤,𝑎𝑖𝑟 𝑃𝑄]
𝑄0

      (5.2) 

where Q is the energy of interest (Cs-137), Q0 is the mean Co-60 energy, sw,air is the water-to-air 

stopping power ratio and PQ the product of correction factors for perturbations related to the 

cavity and wall of the ion chamber. sw,air was estimated using the relationship between the tissue-

phantom ratio in water at depths of 20 and 10 cm in a 10x10 cm2 field with a source to axis 

distance of 100 cm (TPR20,10) (26). The TPR20,10 used by Kang et al was not directly measured 

but determined by using an empirical correlation between sw,air and TPR20,10 (25,26): 

𝑠𝑤,𝑎𝑖𝑟 = 1.3614 − 1.2963𝑇𝑃𝑅20,10 + 2.5302𝑇𝑃𝑅20,10
2 + 1.6896𝑇𝑃𝑅20,10

3  (5.3) 

The values of the correction factors (cavity perturbation factor (pcav), displacement of measuring 

point (pdis), chamber wall perturbation (pwall), and central electrode effect (pcel)) were determined 

using methodologies recommended in the Technical Report Series (TRS) 277 and 398 protocols 
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(26,27). For the PTW 30013 ion chamber, Kang et al reported a kQ of 1.002, but did not provide 

an associated uncertainty. For the uncertainty analysis, kQ is assumed to have a 0.5% relative 

uncertainty, which McEwen et al estimate based on reported and anecdotal evidence of realistic 

clinical scenarios (28). 

 

To perform dose measurements, the ion chamber was positioned at the center of the Cs-137 

irradiator cavity (Figure 5.4), the calibration point of the irradiator, with a 2 mm acrylic buildup 

cap to ensure charged particle equilibrium (29). The turntable was kept stationary for these 

measurements. The dose rate to cells, Ḋcells, with ~2 mm of medium on top was approximated to 

be the dose delivered to water, given by: 

Ḋcells = MCorrNk,Cs−137(μen ρ⁄ )air
water    (5.4) 

where MCorr is the corrected electrometer reading and (μen ρ⁄ )air
wateris the ratio of the mass 

energy-absorption coefficients for water and air for the photon energy of Cs-137 (662 keV), used 

to convert the absorbed dose of the detector cavity material to water (25). With the source in the 

“on” position, the dose rate was measured to be 73.61 cGy/min, which was 0.6% lower than was 

expected based on the original calibration. This level of agreement is very encouraging given the 

30-year time separation between calibrations. A lack of information on the original calibration 

makes it difficult to further analyze this difference. It should be noted that Equation (5.4) 

assumes photon attenuation equivalency between water and the tissue culture medium.  

 
Figure 5.4: Configuration of the ion chamber, with the 2 mm acrylic buildup cap, during 

calibration in the Cs-137 irradiator. The PTW 30013 ion chamber is held by a retort stand and 

clamp, which is fastened to the turntable with single-sided and double-sided tape (underneath the 

stand’s base).  
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5.2.2.2 Irradiator Transit Dose 

In a Cs-137 irradiator, transit dose is the additional dose received by the cells as the source 

moves to the “on” position and returns to the “off” position. However, this transit dose is not 

included in the calculation of the irradiation dose for a particular experiment, which results in the 

cells receiving more dose than planned. No study has investigated the transit dose of the Cs-137 

irradiator. To estimate this, the ion chamber was positioned at the center of the cavity using the 

same setup as for calibration measurement (Figure 5.4) and the charge was measured for a 

predetermined set of exposure times (0.5 to 5 minutes). From a linear least squares fit to the 

charge versus time data (Figure 5.5), the transit charge was determined to be 0.259 ± 0.006 nC. 

Using Equation (5.4), this corresponds to a total transit dose of 1.44 ± 0.03 cGy/transit. 

 

 
Figure 5.5: A linear regression fit to the charge collected by an ion chamber when exposed for a 

predetermined set of times in the Cs-137 irradiator. The transit charge corresponds to the 

intercept from the least squares fit. 

 

5.2.2.3 Dose Non-Uniformity in the Irradiator 

During experimentation, multiple tissue culture plates were exposed simultaneously under the 

assumption that they are all irradiated uniformly. However, there is some regional dose variation 

in the irradiator cavity. The geometry of the irradiator results in non-uniform irradiation in the 
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cavity if the turntable is stationary (see Figure 4.2); as the radiation source is on one side of the 

cavity, plates and cells closer to this side receive higher doses. A rotating turntable is used to 

reduce this non-uniformity but does not eliminate it. Dose variations inside the Cs-137 irradiator 

were measured using Gafchromic EBT3 film (Niagara Falls, NY) (30). All films were stored and 

handled according to the American Association of Physicists in Medicine's Task Group 55 

(AAPM TG-55) and TG-235 recommendations (31,32).  

. 

5.2.2.3.1 Characterization of the Scanner 

Film was digitized using an Epson Expression 10000XL flatbed scanner (Figure 5.6(a)) at 72 dpi 

with 48-bit transmission, color correction features turned off, and with images saved in tagged 

image file format (.tif). Scans were taken at least 30 minutes after warm up to provide sufficient 

stabilization of the scanner, and a glass plate was used to hold the films flat during scanning (33).  

 

The uniformity of the scanner was evaluated by performing “empty” scans (no object in the 

scanner). While these empty scans were relatively uniform, non-uniformities were observed at 

the edges transverse to the direction of scanning. This is clearly seen in Figure 5.6(b), where the 

window of the image has been reduced to pixel values between 65,000 and 65,535 (less than 1% 

of the range of pixel values that can be measured). A central 10 x 20 cm2 region of the scanner 

was identified where the pixel values of the scanned film were consistent to within 0.3% (pixel 

values ranged from 65,350 to 65,535 for the most sensitive color channel (red)). A slightly 

higher non-uniformity (0.5%; pixel value range of 65,250 to 65,535) was noted when the glass 

was scanned (Figure 5.6(c)). During film analysis, all films were scanned in this 10 x 20 cm2 

region with glass.  

 

It has been previously noted that there is dose dependent variation along the transverse axis to 

the scan direction, (M McEwen, personal communication). Therefore, the long axis of the 

rectangular film pieces was oriented with the scan direction during digitization. 
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Figure 5.6: (a) The base of an Epson Expression 10000XL flatbed scanner, showing the scan 

direction. (b) A blank scan of the flatbed scanner with a window of 65,000 to 65,535 pixel 

values. The direction of the scan is given by the arrow. The red box represents a central 10 x 20 

cm2 region where films were positioned during scanning. (c) A scan with the glass plate. The 

window was set to 65,000 to 65,535 pixel values and the central 10 x 20 cm2 region used for 

analysis is highlighted in red. In this selected region, the pixel values were within 0.5% (65,250 

to 65,535). 

 

5.2.2.3.2 Heterogeneity of Film Scans 

In addition to scanner uncertainty, film heterogeneity may affect pixel values of the digitized 

film and result in higher pixel value variance than would be expected with just a characterization 

of the “empty” scan. To evaluate film heterogeneity, a sheet of unirradiated film (20 x 25 cm2) 

was scanned while sandwiched between the glass and scanner (Figure 5.7(a)). In the central 10 x 

20 cm2 region, the average pixel values in the red, green, and blue color channels, measured in 

ImageJ (Bethesda, MD), were 45,215 ± 110 (0.24% variance), 43,804 ± 120 (0.27%), and 33,000 

± 110 (0.33%), respectively. This is similar to the intra-film uniformity reported by Mizuno et al 

(0.2 to 0.6% for EBT3 film irradiated up to 3 Gy and measured using in-house software that 

included all three color channels) (34). In addition, the spatial dependence of the uniformity was 

assessed by measuring the average pixel value in the central 1 cm wide segments of the analyzed 
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region (blue and green rectangles in (Figure 5.7(a)). The average pixel value was measured every 

36 pixels (1.27 cm) in 1 x 1 cm2 squares. The deviation between the average pixel value in the 

squares and the average pixel value of the entire 10 x 20 cm2 region is given for the x-axis in 

Figure 5.7(b) and for the y-axis in Figure 5.7(c). No trend was identified, which suggests that the 

film measurement was spatially independent inside the region used for film analysis. 

 

Figure 5.7: (a) The scan of an unirradiated film. The red box represents the region used for film 

analysis, while the blue and green rectangles represent 1 cm wide segments of the film analyzed 

to measure spatial dependence of the scanner. (b) Deviation of the red, green, and blue channel 

along the x-axis in 1 x 1 cm2 regions from the average pixel value measured in the entire region. 

(c) Deviation of the red, green, and blue channel along the y-axis. Error bars represent the 

standard deviation in the measurement. 

 

The dose dependence of film heterogeneity was determined by digitizing 4 x 4 cm2 film pieces 

irradiated up to 10 Gy on a linear accelerator (Trilogy, Varian, Palo Alto, CA). The variance in 
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pixel value in the central 3 x 3 cm2 region, as a percentage of the mean pixel value in the same 3 

x 3 cm2 region, was measured using ImageJ (Table 5.1). The results closely match the findings 

of Mizuno et al, with an overall variance of <0.7% (34). 

Table 5.1: The variance in uniformity for 4 x 4 cm2 film pieces irradiated from 0.5 to 10 Gy. 

Each color channel was evaluated independently. 

Dose (Gy) Variance (%) 

Red Green Blue 

0.5 0.33 0.34 0.39 

1 0.38 0.40 0.38 

2 0.42 0.39 0.39 

3 0.42 0.37 0.40 

4 0.57 0.59 0.45 

5 0.61 0.55 0.46 

6 0.51 0.59 0.46 

7 0.60 0.60 0.47 

8 0.63 0.63 0.50 

9 0.61 0.60 0.50 

10 0.68 0.68 0.52 

 

5.2.2.3.3 Generation of Calibration Curve 

For film calibration, a pixel value-to-dose relationship (calibration curve) was generated by 

irradiating 4 x 4 cm2 film pieces to doses (D) up to 10 Gy in steps of 1 Gy in the Cs-137 

irradiator (Figure 5.8(a)). Film pieces were sandwiched between 2 mm thick pieces of plexiglass 

to ensure charged particle equilibrium. Each measurement was taken three times and the 

irradiated films were digitized by scanning each film three times and averaging the three scans. 

The central 3 x 3 cm2 region of the digitized film was analyzed using ImageJ. The mean pixel 

value in the region (PV) was used to determine the optical density (OD) as described by 

Morrison et al (Equation 5.5) (33): 

𝑂𝐷 = −𝑙𝑜𝑔10(𝑃𝑉 65535⁄ )      (5.5) 
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Figure 5.8: (a) Setup for film irradiation to measure dose at the center of the Cs-137 irradiator. 

The film was sandwiched between 2 mm plexiglass pieces (not shown) for buildup, at a height of 

15 cm above the turntable. (b) The calibration curve for the red, blue, and green color channels. 

 

Calculation of OD was conducted using all three color channels independently (triple-channel 

dosimetry) to take advantage of both the radiosensitivity of the red channel as well as the wider 

dynamic range of the green and blue channels (35). OD and dose D were correlated through 

Equation (5.6) (33): 

𝐷 =
𝐴3 10−𝑂𝐷−𝐴1

𝐴2−10−𝑂𝐷       (5.6) 

where A1 (units of Gy), A2 (unitless), and A3 (Gy) are adjustable parameters. The values for A1, 

A2, and A3 were identified for each color channel using an in-house algorithm created in Matlab 

to minimize the differences between the three color channels as described by Micke et al (35). 

The relationship between OD and dose is shown in Figure 5.8(b). 

 

5.2.2.3.4 Measurement of Dose Non-uniformity 

Dose non-uniformity across the irradiator was estimated by exposing 5 x 17.5 cm2 film strips 

(sandwiched between 2 mm pieces of plexiglass) placed 0, 5, 10, 15, and 20 cm above the 

turntable to 2 Gy (Figure 5.9(a)) using the same turntable rotation speed of 12 rpm as in Chapter 

4. Measurements at each height were repeated three times. During scanning, the films were 

aligned such that the r-axis of the film was parallel to the direction of the scan. 

 

The pixel values in a 1 x 12 cm2 region were averaged along the y-axis (Figure 5.9(b)) and 

converted to dose using triple-channel dosimetry. Dose profiles at different elevations, 
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normalized to the dose delivered to the center of the irradiator at an elevation of 15 cm, are 

shown as a function of distance away from the center of the turntable (r-axis) in Figure 5.9(c)). 

 

 
Figure 5.9: (a) Setup for film irradiation to measure dose non-uniformity across the irradiator at 

different elevations. The film pieces were sandwiched between 2 mm thick plexiglass pieces and 

irradiated to 2 Gy at elevations up to 20 cm (at 5 cm increments) above the turntable to 

characterize the radiation profile. (b) An exposed strip of Gafchromic film showing the region 

analyzed (white rectangle; 1 x 12 cm2) using triple-channel dosimetry to generate the profiles. 

The black horizontal line across the film intersects the center of the rotating turntable. (c) The 

relative dose profiles (as a % of the dose delivered to the center of the irradiator) at different 

elevations above the turntable as a function of the distance away from the center of the turntable 

(r-axis). 

 

For both SAT and fractionated experiments, three stacks of tissue culture plates were arranged 

near the center of the turntable where the dose was most uniform in the r-axis (Figure 5.10). The 

position of the plates on the stacks was consistent in each triplicate measurement. The stacked 

arrangement facilitated radiation delivery over a larger dose range in a short timeframe and 

reduced potential hypothermia in the cells by allowing for multiple plates to be irradiated 

simultaneously instead of sequentially. Consider SAT experiments, where the cells in the tissue 

culture plates were irradiated from 0.5 to 6 Gy. After the initial irradiation to 0.5 Gy, triplicate 

plates on top of the stack (planned to receive 0.5 Gy) were removed from the irradiator. This was 

followed by another 0.5 Gy irradiation to deliver 1 Gy to the next set of triplicate plates at the 

top, which were then removed. The process was repeated until all tissue culture plates were 

irradiated to the planned doses. This method of radiation delivery allows completion of one set of 

SAT experiments in <15 minutes. On the other hand, when triplicate plates at each dose level are 

separately irradiated, the experiment requires >28 minutes. 
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To estimate the effect of dose non-uniformity in such an arrangement, the data represented in 

Figure 5.9 was used to calculate the relative dose to groups of plates (three plates that represent 

an experimental triplicate; referred to as a “group” from here on), as depicted in Figure 5.10. 

Based on the position of the tissue culture plates in each plate group, the dose delivered to a 

group, �̅�𝑝𝑙𝑎𝑡𝑒, is calculated using the following equation: 

�̅�𝑝𝑙𝑎𝑡𝑒 = 𝐷𝑝𝑟𝑒𝑠𝑐 ∫ 𝐷(𝑟)𝑑𝐴 / ∫ 𝑑𝐴     (5.7) 

where D(𝑟) is the relative dose at position r, Dpresc is the prescribed dose at the center of the 

irradiator (15 cm above the center of the turntable), dA represents an infinitesimal area of the 

irradiated plate, and the integral is taken over the three plates in a group. The dose as a 

percentage of the prescribed dose was calculated (Table 5.2), per plate grouping, with a 

maximum variance of 1.2%. 

 
Figure 5.10: Positioning of 6 cm diameter plates for irradiation in the Cs-137 irradiator. 

Triplicate plates for each experiment were stacked on top of one another as a single “group” of 

plates, labeled G1 through G12. Each tissue culture plate is 1.53 cm tall and each stack held a 

maximum of 4 plate groups (18.7 cm). 

 

Table 5.2: The dose delivered, relative to the prescribed dose, as calculated using Equation (5.7). 

For all experiments, the tissue culture plates were arranged in plate groups (triplicates of plates 

receiving the same dose) inside the Cs-137 irradiator cavity as shown in Figure 5.10. 
Plate Group  G1, G5, G9 G2, G6, G10 G3, G7, G11 G4, G8, G12 

Dose (% of prescribed dose) 100.29 ± 0.60 101.15 ± 0.04 100.99 ± 0.13 100.45 ± 0.23 
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5.2.2.4 Combined Dose Uncertainty 

The dose delivered to a plate group, D, is given by: 

𝐷 = �̇�𝑐𝑒𝑙𝑙𝑠 (
�̅�𝑔𝑟𝑜𝑢𝑝

𝐷𝑝𝑟𝑒𝑠𝑐
) 𝑇𝑝𝑟𝑒𝑠𝑐 + 𝐷𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑁 = 𝐷𝑜𝑛 + 𝐷𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑁  (5.8) 

where �̇�𝑐𝑒𝑙𝑙𝑠 is the dose rate experienced by cells at the center of the irradiator (given by 

Equation (5.4)), �̅�𝑔𝑟𝑜𝑢𝑝/𝐷𝑝r𝑒𝑠𝑐 accounts for variation in the dose rate based on its location in the 

irradiator (Table 5.2), 𝑇𝑝𝑟𝑒𝑠𝑐 is the length of time the source remains in the “on” position, 

𝐷𝑡𝑟𝑎𝑛𝑠𝑖𝑡 is the transit dose, and N is the number of transit doses experienced by the plate group. 

The product of �̇�𝑐𝑒𝑙𝑙𝑠(�̅�𝑔𝑟𝑜𝑢𝑝/𝐷𝑝𝑟𝑒𝑠𝑐)𝑇𝑝𝑟𝑒𝑠𝑐 therefore represents the dose delivered while the 

source is raised (𝐷𝑜𝑛). 

 

Assuming no uncertainties in the corrected ion chamber measurement (𝑀𝐶𝑜𝑟𝑟), (𝜇𝑒𝑛 𝜌⁄ )𝑎𝑐𝑟𝑦𝑙𝑖𝑐
𝑤𝑎𝑡𝑒𝑟 , 

𝑇𝑝𝑟𝑒𝑠𝑐, and N, the uncertainty in D is calculated using the following equation: 

  
𝛥𝐷

𝐷
≈

∆𝐷𝑜𝑛

𝐷𝑜𝑛
+

𝑁∆𝐷𝑡𝑟𝑎𝑛𝑠𝑖𝑡

𝐷
= √∆𝑘𝑞,𝐶𝑠−137

2 + ∆𝑁𝑘,𝐶𝑜−60
2 + ∆ (

�̅�𝑔𝑟𝑜𝑢𝑝

𝐷𝑝𝑟𝑒𝑠𝑐
)

2

+
𝑁∆𝐷𝑡𝑟𝑎𝑛𝑠𝑖𝑡

𝐷
  (5.9) 

Equation (5.9) assumes that that (i) 𝐷𝑡𝑟𝑎𝑛𝑠𝑖𝑡  ≪  𝐷𝑜𝑛 and (ii) the transit mechanism is not random, 

such that the transit uncertainty increases linearly with the number of transits. The components 

∆𝑘𝑞,𝐶𝑠−137, ∆𝑁𝑘,𝐶𝑜−60, ∆(�̅�𝑔𝑟𝑜𝑢𝑝/𝐷𝑝𝑟𝑒𝑠𝑐), and ∆𝐷𝑡𝑟𝑎𝑛𝑠𝑖𝑡 are the uncertainties of 𝑘𝑞,𝐶𝑠−137, 

𝑁𝑘,𝐶𝑜−60, (�̅�𝑔𝑟𝑜𝑢𝑝/𝐷𝑝𝑟𝑒𝑠𝑐), and 𝐷𝑡𝑟𝑎𝑛𝑠𝑖𝑡, respectively. These components are, in reality, relative 

uncertainties (i.e. ∆𝑘𝑞,𝐶𝑠−137 𝑘𝑞,𝐶𝑠−137⁄ ) but the denominators have not been shown to simplify 

the appearance of the equation. The values are as follows: ∆𝑘𝑞,𝐶𝑠−137 = 0.5%, ∆𝑁𝑘,𝐶𝑜−60 = 0.5% 

for k = 1, ∆(�̅�𝑔𝑟𝑜𝑢𝑝/𝐷𝑝𝑟𝑒𝑠𝑐) is given by uncertainties of each plate group in Table 1, and 

∆𝐷𝑡𝑟𝑎𝑛𝑠𝑖𝑡 = 0.0003 Gy. Based on Equation (5.9), the uncertainty of 𝐷𝑜𝑛, ∆𝐷𝑜𝑛, ranges from 0.7% 

to 0.9%, depending on the plate group irradiated. An additional uncertainty component is 

required to take account of the dosimetry methodology, adopted from an open-field irradiation 

geometry. Based on an analysis of air-kerma based dosimetry protocol formalisms, a value of 

2.0% was adopted. 
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5.2.2.5 Attenuation by Tissue Culture Plates 

In the stacked configuration, attenuation of radiation by the tissue culture plates on the top could 

reduce the dose delivered to plates below. Dos Santos et al showed that EBT3 films placed at the 

bottom of well plates with 1 mL and 9 mL of media experienced dose variations of +8% and -

40% compared to the reference (3 mL), respectively, when exposed to 80 kVp x-rays (36). This 

impacted the results of the clonogenic assays, where cells in 9 mL of media had a higher SF than 

cells in 1 mL. 

 

To assess the effect of radiation attenuation in the Cs-137 irradiator, 4 x 4 cm2 film pieces were 

placed on the turntable at the position of plate group G4 and irradiated to 2 Gy. During this 

irradiation, up to nine 10 cm tissue culture plates, each filled with 10 mL of media (~1.4 mm 

thick, the standard thickness of media used for the experiments in Chapter 4), were placed on the 

turntable in the same configuration as shown in Figure 5.10. The dose received by the films was 

determined using Equations (5.5) and (5.6) and the experiment was repeated three times to 

ensure repeatability. For 1, 3, 5, 7, and 9 plates placed above the film, the doses measured were 

1.98 ± 0.04, 1.99 ± 0.03, 2.00 ± 0.04, 1.99 ± 0.04, and 1.98 ± 0.04 Gy, respectively, showing no 

significant difference. The differences between the measurements are also within the range of 

uncertainty associated with the film dose calibration curve. Using a comprehensive uncertainty 

analysis of the calibration process, Bouchard et al reported an absolute uncertainty of 0.96% in 

dose measurements using Gafchromic EBT film (37).     

 

5.2.3 Dosimetric Uncertainties Associated with BAIRDA 

The use of BAIRDA introduces several uncertainties that are associated with the afterloader 

system, experimental setup, and dose calculation. 

 

5.2.3.1 Afterloader related 

Uncertainties associated with the afterloader are of clinical interest. As these uncertainties have 

been extensively investigated previously, this study uses the reported values from previously 

published literature. Details of each uncertainty, the method of its estimation, and the potential 

impact on the dose delivered for in vitro studies will be discussed below. 
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5.2.3.1.1 Calibration 

As with the irradiator, accurate source calibration for afterloaders is required to reduce 

differences between the prescribed and delivered dose (38). According to the AAPM TG-138 

report, individual source strength calibrations introduce an uncertainty of 1.5% for HDR high 

energy brachytherapy sources based on an analysis of best practice uncertainties when translating 

from a primary standards lab to the clinic (39). Based on the TG-138 report and in-house 

experience performing Ir-192 BT source calibrations, the uncertainty in the calibration of the 

HDR and PDR sources was taken to be 1.5%. 

 

5.2.3.1.2 Rounding Error 

To deliver the required dose at the prescription points with BAIRDA, the Ir-192 source was 

positioned at 21 dwell positions (5 mm step size) along the catheter for pre-planned dwell times. 

However, dwell time rounding error can occur when exporting the treatment plan to the 

afterloader due to differences in the dwell time in the treatment planning software and the time 

delivered by the afterloader; while OcB can plan dwell positions to 0.01 seconds, dwell times 

will be rounded to the nearest 0.1 second at the treatment console. The use of dose optimization 

reduces this error as the different dwell weights will average out dose error, decreasing this 

uncertainty to less than 1.0% for a dose prescription of 5 Gy through the removal of dwell 

positions with short dwell times (40). As dose optimization was used in planning BAIRDA 

deliveries with prescription doses in the range of 3.7 to 6.1 Gy, rounding error uncertainties were 

taken to be 1.0% of the total dose. 

 

5.2.3.1.3 Transit Dose 

In the case of afterloaders, additional dose is contributed when the source travels to and from the 

catheter and in between dwell positions which is not considered by OcB. It has previously been 

reported, based on the stationary and integrated charge collected by a well-type ionization 

chamber while delivering an intracavitary gynecological treatment, that the transit dose generally 

contributes <2% additional dose for intracavitary PDR and HDR, with PDR treatments adding 

more transit dose due to their multiple entries and exits during treatment (41). However, a 

reduction of this effect is possible through “dwell time compensation”, which reduces the dwell 

times to account for inter-dwell transit dose (40,41). The majority of the transit dose, once inter-
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dwell transit dose is effectively compensated for, is due to source entry/exit from the afterloader 

(<0.5%) (41). Since the microSelectron HDR/PDR afterloaders include inter-dwell transit, a 

value of 0.5% was added to the uncertainty budget (42). 

 

5.2.3.2 Plate-Base Alignment 

The experiments with BAIRDA used prescription to points placed symmetrically on either side 

of the plastic catheter (source path) such that the dose profile on the tissue culture plate 

resembles an infinite line source of radiation (Figure 4.3(c)). Variations in geometry can result in 

differences between the expected and actual dose delivered to the ROI. The placement of the 

tissue culture plate in the base has to be precise as the dose rate is strongly correlated to the 

distance from the source. 

 

Plausible uncertainties identified with the plate-base alignment were in the (i) positioning along 

the axis of irradiation (y-axis in Figures 4.3(c) and 4.5(a)), (ii) positioning perpendicular to the 

axis of irradiation (x-axis), and (iii) rotation of the plate relative to the base. To estimate the 

impact of such misalignments, worst-case scenarios were considered by shifting the dwell 

positions in OcB and recording the dose difference at multiple points on the tissue culture plate 

(yellow and orange crosses on Figure 5.11(a)) without renormalizing. Dwell positions were 

moved by +2 mm in the y-axis (representing a scenario where the catheter was displaced along 

the y-axis), +0.25 mm in the x-axis (representing the maximum shift by the plate or catheter in 

the x-axis), and 1 clockwise around the center of the tissue culture plate (as a worst-case 

rotation). 

 

Figure 5.11(b) shows the change in relative dose at the prescription points at 1 cm (along the y-

axis) on either side of the catheter due to plate-base misalignment. The average change in dose 

along the y-axis at different x-axis positions (at the orange crosses) is presented in Figure 

5.11(c). y-axis misalignments result in minimal dose uncertainty across the entire tissue culture 

plate with a mean [range] difference of 0.1 [0.08 - 0.2]% at the orange crosses. This is an 

expected result as the radiation delivered by the treatment plan is relatively consistent in the y-

axis. However, x-axis and rotational misalignment introduce 1.7 [1.1 - 3.0]% and 1.1 [0.4 - 

2.5]% uncertainty on average, respectively, to the dose at the orange crosses 1 to 4 cm away 
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from the catheter (Figure 5.11(c)); their effect is strongest at points closest to the radiation source 

and decreases at locations further away (e.g. ~1% at 4 cm on the x-axis). While Figures 5.11(b) 

and 5.11(c) use dose points in the positive x-axis, the effects on the negative x-axis are opposite 

and equal in magnitude; for example, points on the negative x-axis receive less dose (not shown) 

after a shift of the source positions in the positive x-axis direction. 

 

 
Figure 5.11: (a) Isodose distribution for a dose of 5 Gy prescribed to the prescription points 

(yellow crosses) at 1 cm on either side of the catheter. Orange crosses along the x-axis represent 

additional points used to report dose during uncertainty analysis in Figure 5.11(c). (b) The 

relative change in dose at the prescription points when the dwell positions are shifted +2 mm in 

the y-axis, +0.25 mm in the x-axis, or 1 clockwise around the center of the plate. These shifts 

represent the worst-case plate-base misalignment scenarios using BAIRDA. (c) The average 

relative dose at different x-axis positions for the same dwell position shifts as Figure 5.11(b). For 

example, the average of the points in Figure 5.11(b) are represented in Figure 5.11(c) at an x-axis 

position of 1 cm. 

 



153 

 

5.2.3.3 Effect of Heterogeneity in Dose Calculation  

BAIRDA experiments were planned using the TG-43 formalism (Equation (1.1)), which 

considers the entire dose calculation volume as water with uniform unit density (43,44,45). 

Though the cell medium is water equivalent, the tissue culture plate and base are less dense than 

water and may introduce uncertainties in the calculated dose. The AAPM TG-186 report 

addresses this shortcoming through the recommendation of model based dose calculation 

algorithms (MBDCA) that can account for differences between absorbed dose in the water and 

tissue, dose contributions from electrons, and dose heterogeneities resulting from the (non-water) 

material properties of the applicators (as described in Section 1.10.2) (46,47). The impact of the 

applicator alone can introduce a significant effect as material selection can result in differences 

between TG-43 and TG-186 formalisms by up to 2% for metal catheters and 0.7% for plastic 

catheters (48). In addition, as noted in Chapter 1, the material assignment of rectal tissue can 

create large differences between TG-43 and TG-186 calculated dose. While the definition of 

rectal tissue as water only introduces small variances between the two dose calculations (0.81% 

difference in the calculated rectal D2cc), assignment of rectal tissue as air creates significant 

differences (11.87% difference) (49). In OcB, the MBDCA used is ACE. To estimate the effect 

of heterogeneities on the TG-43 calculated doses for experiments performed in Chapter 4, the 

doses were recalculated using TG-186. The cell culture media and the plastic bottom of the plate 

were assigned to be water, the base (~ -400 Hounsfield Units (HU)) was assigned physical 

densities by OcB ACE using the “HU based” option, and all other materials above the base were 

assigned to be air. The cell culture medium and plastic bottom were manually assigned material 

properties as their measured physical density in the CT reconstruction was lower than expected 

(e.g. ~ -200 HU for the water equivalent medium), which occurred due to the blurring of a thin 

layer of medium (~1.3 mm) and the air layer above it. Water was selected as the representative 

material for both the medium and the tissue culture plate as the media is primarily water and, 

based on a series of CT scans by Sande et al, the expected HU values for polystyrene (the 

material for tissue culture plates) are close to water (50).  

 

The dose falloff calculated by the TG-43 formalism, TG-186 formalism, and Gafchromic film 

measurements from Figure 4.4(b) are shown in Figure 5.12. The dose is symmetric on both sides 

of the central axis and decreases as the distance from the central axis increases. The TG-186 dose 
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is 1.3% lower than the TG-43 dose on average (range of -0.6% to -2.1%). The film 

measurements closely agree with both formalisms: the average relative variance between film 

and TG-43 dose measurements (as a % of the prescription dose) was 2.3 ± 1.3% (with a 

maximum variance of 3.9%), while there was a lower average variance between film and TG-

186 dose (1.6 ± 1.5%; maximum variance of 3.0%). The similarity in results provides support for 

the use of both TG-43 and TG-186 dose calculation techniques for BAIRDA.  

 
Figure 5.12: Dose, as a percent of the prescription, plotted against the distance from the center 

of the plate along the x-axis for the TG-43 algorithm, the TG-186 algorithm, and for film 

measurements.  

 

5.2.3.4 Summary of Uncertainties  

The uncertainties identified and their potential impact on SF and dose are given in Tables 5.3 and 

5.4, respectively. The measured uncertainties for attachment time and hypothermia were smaller 

than the uncertainty for the number of cells plated. As these experiments utilized the number of 

colonies formed on a tissue culture plate to quantify the uncertainty, it is not possible to 
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distinguish whether the variance measured was the result of the specific uncertainty (attachment 

time or temperature change), or due to variances in the number of cells plated, or both. Hence, 

these values are listed as “Not significant”, relative to other uncertainties. Similarly, the effect of 

attenuation of radiation caused by the tissue culture plates on film OD was lower than the 

standard deviation in the measured OD. With limited possibility to distinguish the effect of 

attenuation from the heterogeneity of the film/scanner, attenuation-related uncertainty was 

labeled “Not significant” in Table 5.4. For both tables, the standard and expanded undertainties 

were calculated using all identified uncertainties. 

 

Table 5.3: Summary of identified uncertainties that affect the measurement of SF. Values are 

reported assuming a symmetric normal distribution. Uncertainties noted as “Not significant” had 

values lower than the uncertainty associated with cell seeding density (see text for details). 

Source of Uncertainty Radiation Source 

Cs-137 Irradiator BAIRDA 

Cell seeding density 3.4% 

Cell seeding uniformity - 2.0% 

Cell attachment times Not significant 

Cell hypothermia during radiation  Not significant 

Colony selection (size) 2.7% 

Subjectivity in colony counting  

      -  Intra-operator 0.7% 

      -  Inter-operator  4.1% 

Standard uncertainty (k = 1)  6.0% 6.3% 

Expanded uncertainty (k = 2) 12.0% 12.6% 

 

The total uncertainty was calculated using a summation in quadrature as no correlation between 

the uncertainties was identified. Dose uncertainties were divided into two categories: (1) 

systematic errors which predictably increase or decrease the average dose delivered (e.g. transit 

dose will increase the dose) and (2) random errors which may be difficult to detect (e.g. 

phantom-plate alignment may increase or decrease the dose delivered by BAIRDA) (51). The 

former (arising from factors like irradiator source calibration, transit dose, irradiator non-

uniformity, and the incorporation of dose heterogeneity) can be incorporated by using the dose 

delivered instead of the dose prescribed (e.g. Equation 5.7 for the Cs-137 irradiator experiments) 

during experimental analysis; the latter (relating to factors like uncertainty in source calibration 

and transit dose measurement, uncertainty in irradiator non-uniformity within a plate group, 

dwell time rounding, and phantom-plate alignment) is characterized by uncertainty in the dose 
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delivered (i.e. error bars). As both systemic and random errors depend on the plate position in the 

irradiator (Table 5.2) and the distance from the catheter for BAIRDA (Figures 5.11 and 5.12), a 

range of dose uncertainties are reported in Table 5.4 by calculating the uncertainty for each plate 

group (for Cs-137 uncertainty) and by distance away from the catheter (for BAIRDA 

uncertainty). 

Table 5.4: Summary of identified uncertainties affecting dose delivered. Values reported with a 

+ or – indicate a systemic uncertainty that is dependent on plate position during irradiation or 

ROI position on the irradiated plate, and were included in the “Change in average dose” 

category. All other random uncertainties are assumed to have a normal distribution and were 

used to determine standard and expanded uncertainty. If both are present, systemic uncertainty is 

shown first with the random uncertainty in brackets. The phantom-base alignment uncertainties 

represent the average relative dose uncertainty (Figure 5.11). Note that the tissue culture plate 

attenuation was measured with EBT3 film and produced uncertainties smaller than the 

uncertainty in the film’s OD measurements (e.g. caused by heterogeneities in film/scanner 

output). Therefore, the uncertainty due to attenuation was deemed “Not significant” as it could 

not be isolated from the background noise of the measurement. 

Source of Uncertainty Radiation Source 

Cs-137 Irradiator BAIRDA 

Source calibration -0.6 (0.7)% 1.5% 

Source calibration methodology 2.0% - 

Transit dose +1.4 (0.03) cGy/transit +0.5% 

Dose non-uniformity in the irradiator +0.3% - +1.2%  

(0.04% - 0.6%) 

- 

Attenuation by tissue culture plates Not significant - 

Dwell time rounding error - 1.0% 

Phantom-base alignment   

      -  x-axis - 1.0% - 3.0% 

      -  y-axis - 0.08% - 0.2% 

      -  Rotational - 0.4% - 2.5% 

Incorporation of dose heterogeneity - -2.1% - -0.6% 

Change in average dose a -0.3% - +0.6% -1.6% - 0.1% 

Standard uncertainty (k = 1) b 2.1 - 2.2% 2.1% - 4.3% 

Expanded uncertainty (k = 2) 4.2 - 4.4% 4.2% - 8.6% 
a Shown by a shift in the dose data points on Figure 5.13 
b Shown by a change in the error bars on Figure 5.13 

 

5.2.3.5 Potential Impact of Uncertainties on Radiobiological Parameter Estimation 

The calculation of a cell line’s radiobiological parameters is a common end goal of clonogenic 

assays (8,52,53). Generally, such studies only include the uncertainty observed in an 

experimental triplicate (11,54). The introduction of additional uncertainties in either the dose or 

SF could affect the radiobiological parameter values estimated from clonogenic assays. Figure 
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5.13(a) overlays the results for SW756 cells exposed with a single fraction of Cs-137 using two 

different calculation methods: (1) when only the uncertainty in the experimental triplicate is 

considered and (2) when all identified uncertainties are included. Figure 5.13(b) - (d) presents the 

same, but with SW756 cells exposed with HDR-BAIRDA, fractionated Cs-137 exposure, and 

PDR-BAIRDA, respectively.  

 
Figure 5.13: Surviving fraction curves for SW756 using (a) single acute exposure in the Cs-137 

irradiator, (b) HDR-BAIRDA, (c) hourly fractions of radiation (0.68 Gy/hr) using the Cs-137 

irradiator, and (d) PDR-BAIRDA. The error bars in black represent the standard deviation of the 

SF measurement in an experiment triplicate while the red error bars represent the combination of 

all identified uncertainties. The addition of all identified uncertainties does not significantly 

affect the SF error bars in any figure, which suggests that the experiment triplicate uncertainty is 

dominant.  
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To assess their impact on radiobiological parameter estimation, the combined uncertainties were 

applied to revise the α/β and T1/2 values for the cells irradiated using both SAT and fractionated 

schedules, with the Cs-137 irradiator and BAIRDA. The estimation process used weighted least 

squares fitting. For example, the uncertainty for an SF measurement (ΔSF) is given by: 

𝛥𝑆𝐹 = 𝑆𝐹√(𝛥𝐶0 𝐶0⁄ )2 + (𝛥𝐶 𝐶⁄ )2 + ∑ ∆𝑆𝐹𝑖𝑖
2
   (5.10) 

where ΔC0 and ΔC are the standard deviations in the number of colonies measured in a triplicate 

experiment for the control and irradiated plates, respectively, and ∆SFi represents the relative 

uncertainties given in Table 5.3. For this analysis, the variance in the cell seeding density is not 

included in the ΔSFi term, since it is already implicit in the (ΔC0 C0⁄ )2 term, which was 

recalculated for each experiment. Similarly, dose uncertainty was calculated by including the 

uncertainties highlighted in Table 5.4. Radiobiological parameters α and β were estimated from 

SAT experiments by minimizing the X2 metric in Equation (4.8) and T1/2 was extracted from 

fractionated experiments using Equation (4.9). These values of α/β and T1/2 were compared 

against best-fit values obtained when considering only uncertainties in the experiment triplicate 

(Equations (4.4) and (4.5)), the common calculation methodology. Such a comparison is shown 

in Table 5.5 as an example of the potential impact of the identified uncertainties. An evaluation 

of the similarity between the results was conducted using a twin tailed Welch t-test with the null 

hypothesis being equivalence between the radiobiological parameter values determined using the 

triplicate uncertainty only and that utilizing the full uncertainty analysis. A p-value of 0.05 was 

assumed to provide statistical significance. For t-test analysis, the α/β and T1/2 values are 

assumed to be normally distributed and have homogenous variance. 

 

While the SF uncertainty analysis was conducted only with SW756 cells, the full analysis shown 

above was repeated for all cell lines assuming the effect of cell attachment times and 

hypothermia remained not significant. The results are shown in Tables 5.6 (SCC) and 5.7 (AC). 
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Table 5.5: Summary of the radiobiological parameters derived for SW756 from SAT and 

fractionated experiments using (a) a Cs-137 irradiator and (b) BAIRDA (Ir-192). Results are 

presented as a mean (95% confidence interval) when considering only uncertainties in 

experimental triplicates, and when all uncertainties identified in this work are included. The 

results using both uncertainty calculations were compared using p-values.  

Source Uncertainties Included α (Gy-1) β (Gy-2) α/β (Gy) T1/2
 
(hr) 

(a) Irradiator 

Experiment triplicate 0.27 (0.24 - 0.31) 0.044 (0.036 - 0.052) 6.3 (4.9 - 7.6) 5.3 (4.1 - 6.4) 

All identified 0.27 (0.23 - 0.31) 0.042 (0.034 - 0.050) 6.5 (4.9 - 8.1) 4.9 (3.9 - 5.8) 

p-value 0.94 0.57 0.91 0.53 

(b) BAIRDA 

Experiment triplicate 0.25 (0.23 - 0.26) 0.050 (0.045 - 0.054) 5.0 (4.5 - 5.5) 4.9 (4.2 - 5.8) 

All identified 0.26 (0.24 - 0.27) 0.048 (0.043 - 0.053) 5.3 (4.7 - 6.0) 4.8 (4.1 - 5.4) 

p-value 0.18 0.29 0.29 0.76 
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Table 5.6: Summary of the radiobiological parameters derived for (a) CaSki, (b) C-33A, and (c) 

SiHa from SAT and fractionated experiments using a Cs-137 irradiator and BAIRDA (Ir-192). 

Results are presented as a mean (95% confidence interval) considering only uncertainties in 

experimental triplicates, and when all uncertainties are included. The results using both 

uncertainty calculations were compared using p-values. 

Source Uncertainties Included α (Gy-1) β (Gy-2) α/β (Gy) T1/2
 
(hr) 

(a
) 

C
a

S
k

i 

Irradiator 

Experiment triplicate 0.21 (0.17 - 0.24) 0.037 (0.031 - 0.044) 5.5 (4.1 - 6.9) 3.9 (3.0 - 4.9) 

All identified 0.21 (0.17 - 0.25) 0.036 (0.029 - 0.043) 5.8 (4.2 - 7.3) 3.8 (2.9 - 4.7) 

p-value 0.95 0.74 0.65 0.81 

BAIRDA 

Experiment triplicate 0.19 (0.18 - 0.21) 0.040 (0.036 - 0.043) 4.9 (4.3 - 5.4) 3.4 (2.8 - 4.0) 

All identified 0.20 (0.19 - 0.21) 0.039 (0.035 - 0.042) 5.2 (4.6 - 5.8) 3.3 (2.8 - 3.9) 

p-value 0.27 0.57 0.29 0.64 

(b
) 

C
-3

3
A

 

Irradiator 

Experiment triplicate 0.35 (0.31 - 0.40) 0.063 (0.052 - 0.074) 5.6 (4.4 - 6.8) 2.2 (1.7 - 2.8) 

All identified 0.35 (0.31 - 0.39) 0.061 (0.050 - 0.072) 5.7 (4.4 - 6.9) 2.2 (1.5 - 2.8) 

p-value 0.77 0.70 0.90 0.79 

BAIRDA 

Experiment triplicate 0.31 (0.29 - 0.33) 0.054 (0.050 - 0.057) 5.7 (5.2 - 6.3) 2.5 (2.2 - 2.8) 

All identified 0.31 (0.28 - 0.34) 0.056 (0.046 - 0.065) 5.6 (4.5 - 6.6) 2.7 (2.0 - 3.3) 

p-value 0.85 0.57 0.67 0.50 

(c
) 

S
iH

a
 

Irradiator 

Experiment triplicate 0.17 (0.14 - 0.19) 0.038 (0.033 - 0.043) 4.5 (3.6 - 5.4) 3.5 (2.8 - 4.2) 

All identified 0.16 (0.13 - 0.19) 0.037 (0.032 - 0.043) 4.3 (3.4 - 5.2) 3.6 (3.0 - 4.2) 

p-value 0.53 0.97 0.66 0.65 

BAIRDA 

Experiment triplicate 0.17 (0.15 - 0.19) 0.029 (0.024 - 0.035) 5.8 (4.5 - 7.1) 2.9 (2.6 - 3.3) 

All identified 0.18 (0.16 - 0.20) 0.028 (0.024 - 0.034) 6.3 (4.9 - 7.7) 2.8 (2.4 - 3.1) 

p-value 0.42 0.70 0.40 0.31 
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Table 5.7: Summary of the radiobiological parameters derived for (a) HeLa, (b) JHUCS-3, and 

(c) SiSo from SAT and fractionated experiments using a Cs-137 irradiator and BAIRDA (Ir-

192). Results are presented as a mean (95% confidence interval) when considering only 

uncertainties in experimental triplicates, and when all uncertainties identified in this work are 

included. The results using both uncertainty calculations were compared using p-values. 

Source Uncertainties Included α (Gy-1) β (Gy-2) α/β (Gy) T1/2
 
(hr) 

(a
) 

H
eL

a
 

Irradiator 

Experiment triplicate 0.19 (0.14 - 0.24) 0.044 (0.031 - 0.056) 4.4 (2.7 - 6.0) 1.22 (0.42 - 2.02) 

All identified 0.19 (0.14 - 0.24) 0.042 (0.030 - 0.054) 4.6 (2.8 - 6.4) 1.19 (0.53 - 1.85) 

p-value 0.96 0.73 0.78 0.93 

BAIRDA 

Experiment triplicate 0.20 (0.18 - 0.21) 0.040 (0.035 - 0.044) 5.0 (4.3 - 5.6) 1.28 (1.19 - 1.38) 

All identified 0.20 (0.19 - 0.22) 0.039 (0.034 - 0.044) 5.2 (4.5 - 6.0) 1.25 (1.17 - 1.34) 

p-value 0.32 0.61 0.41 0.46 

(b
) 

J
H

U
C

S
-3

 

Irradiator 

Experiment triplicate 1.17 (1.04 - 1.31) 0.256 (0.197 - 0.313) 4.6 (3.4 - 5.8) 1.59 (0.09 - 3.94) 

All identified 1.14 (1.01 - 1.27) 0.264 (0.204 - 0.325) 4.3 (3.2 - 5.4) 1.54 (0.14 - 2.94) 

p-value 0.56 0.73 0.57 0.94 

BAIRDA 

Experiment triplicate 1.04 (1.00 - 1.08) 0.281 (0.248 - 0.314) 3.7 (3.2 - 4.2) 1.53 (0.86 - 2.20) 

All identified 1.07 (1.03 - 1.11) 0.269 (0.234 - 0.404) 4.0 (3.4 - 4.5) 1.13 (0.88 - 1.38) 

p-value 0.20 0.45 0.28 0.10 

(c
) 

S
iS

o
 

Irradiator 

Experiment triplicate 0.21 (0.17 - 0.24) 0.062 (0.054 - 0.069) 3.4 (2.8 - 4.1) 0.56 (0.50 - 0.63) 

All identified 0.21 (0.18 - 0.24) 0.060 (0.053 - 0.067) 3.5 (2.8 - 4.1) 0.55 (0.50 - 0.61) 

p-value 0.85 0.65 0.89 0.66 

BAIRDA 

Experiment triplicate 0.20 (0.17 - 0.22) 0.057 (0.050 - 0.065) 3.4 (2.8 - 4.0) 0.54 (0.47 - 0.61) 

All identified 0.21 (0.19 - 0.23) 0.057 (0.048 - 0.063) 3.8 (3.1 - 4.4) 0.59 (0.53 - 0.65) 

p-value 0.23 0.64 0.27 0.12 

 

5.3 Discussion 

Uncertainties associated with clonogenic assays using a Cs-137 irradiator and BAIRDA have 

been presented, quantifying the impact of each uncertainty. The uncertainties identified were 

categorized based on the type of outcome measured. Uncertainties associated with the 

experimental procedure and analysis of clonogenic assays affect the SF, while uncertainties 
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associated with the radiation sources affect the dose delivered. Based on this framework, the 

largest uncertainties were associated with SF measurements. For the Cs-137 irradiator, total 

dose-related uncertainties were within 2.2%, while the determination of SF led to several 

uncertainties that individually exceeded 2%. The number of colonies formed is affected by both 

human error (e.g. cell seeding density) and the biological response of the cells. Heterogeneities 

in the plated cells (e.g. phase in the cell cycle, genetic background) can lead to differences in 

dose response (55). As such, even perfect plating free of human error will be subject to SF 

uncertainty for both Cs-137 and BAIRDA irradiation experiments. 

 

While the SF uncertainty is similar for both Cs-137 and BAIRDA, the dose uncertainties is larger 

for BAIRDA. This is mainly due to plate-base misalignment, which is the dominant term for 

BAIRDA in Table 5.4. Without it, BAIRDA’s standard uncertainty (1.8%) would be comparable 

to that of the irradiator. 

 

SF uncertainty assessments were conducted using clonogenic assays of a single cell line 

(SW756), which is a limitation of this study as some parameters (temperature changes, seeding 

time, etc.) are likely cell line-dependent. Exploration of these uncertainties using additional cell 

lines would improve the general applicability of the findings. For example, potential inter-cell 

line differences in attachment time would warrant a thorough investigation of each cell line used 

in an experiment, to ensure that variances in attachment times do not affect the experimental 

findings. Even mild hypothermia can impact cellular responses in vitro, such as the propensity 

for neuronal apoptosis, which may influence measured SF values after radiation (56,57,58). It is 

therefore important to consider cell line characteristics. 

 

The calibration of the Cs-137 irradiator presents an additional limitation due to the method used 

to determine the ion chamber’s Nk (utilizing the findings of Kang et al) (25). Kang et al’s 

estimated TPR20,10 (0.46), used to estimate sw,air via Equation (5.3), is lower than values reported 

using Monte Carlo calculations (0.476 to 0.488). In addition, extrapolation was required for the 

mass energy absorption coefficient of the wall ((�̅�𝑒𝑛 𝜌⁄ )𝑤𝑎𝑙𝑙) as TRS 398 tables report TPR20,10 

values only to a minimum of 0.50. These differences motivate the need for an accurate 

determination of kQ for PTW-30013 ion chambers for Cs-137.  
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5.3.1 Recommendations for Reducing Uncertainties 

 

5.3.1.1 Clonogenic Assays 

The largest uncertainties identified during clonogenic assays are associated with the 

experimental procedure and analysis. As such, efforts to minimize uncertainties in these steps 

will be most effective in reducing overall uncertainty. 

 

The largest source of error was identified to be inter-operator subjectivity in colony counting, 

which is mainly due to differences in counting techniques used by operators. If this variability 

were eliminated, possible when using a single experienced operator for colony identification, the 

total SF uncertainty for the irradiator experiments can be reduced to 4.4%. As colony 

identification is a time-intensive process, it is important to consider the potential time investment 

required to minimize this specific uncertainty, especially in larger-scale studies. The trade-off 

between accuracy and precision should also be considered; the use of a single operator could 

reduce uncertainties but may not provide a more accurate measurement of the SF. Conversely, 

measurement by multiple experienced operators will provide an accurate measurement but will 

introduce inter-operator subjectivity. 

 

Plating efficiency (number of colonies/number of cells seeded) also introduced an uncertainty of 

larger magnitude (3.4%). This may relate to both human error (e.g. calibration of the pipette) and 

the stochastic nature of cell suspension, cell adherence, and cell clonogenicity. Routine 

calibration of pipettes can accurately control the volume of medium dispensed and therefore the 

number of cells used for seeding (59). Batista et al have reported on refinements for accurate 

calibration of micropipettes to reduce uncertainties during volume measurements (60). The use 

of sensors has also been investigated as a method for preventing pipetting errors (61,62). It 

should be noted that SF is influenced by the variance in the number of cells seeded on different 

plates rather than the absolute number of cells seeded on each plate of the same experiment. 

Hence, ensuring a homogenous single cell “stock solution” by repeated resuspension during 

seeding is recommended. 
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Variance due to reference colony definition introduces an uncertainty of 2.7%. In this analysis, 

there were 8.1 ± 3.0% fewer colonies counted in each ROI when using a 100 cell reference 

colony instead of a 50 cell reference colony. Colony counting using the same plate with a 100 

cell reference colony biases the counting procedure to faster growing colonies. As a single cell 

must grow more quickly to become identifiable as a colony when using a 100 cell reference (7 

doublings in 12 days), compared to a 50 cell reference (6 doublings), slower growing colonies 

will potentially be affected more so by this uncertainty. This was not a significant factor in this 

study as the SFs for both reference colonies were similar. However, it could be significant for a 

cell line that has a substantial delay in proliferation after irradiation due to a longer cell cycle 

arrest/DNA repair time. 

 

Uniformity in cell seeding, one of the smaller uncertainties associated with clonogenic assays 

(2.0%, only applied to BAIRDA irradiated plates), can occur because of variances in the seeding 

distribution between operators. Reynolds et al found significant non-uniformity in the 

distribution of cells when 12-well plates were seeded with human embryonic stem cells by 

different operators, suggesting the use of a uniform cell seeder to improve uniformity in cell 

seeding (63). 

 

Though the intra-operator variance in colony counting was the smallest detected uncertainty in 

the SF measurements, factors such as fatigue following continuous counting may affect the 

counting procedure, whereby a cluster of cells that would not be identified as a colony at the start 

of a counting session may be classified as one towards the end. Furthermore, uncertainties 

associated with hypothermia of the cells and cell attachment times were found to be negligible in 

this study. The lack of a discernible effect for either may be due to the range of the times 

explored and the cell line utilized for quantification. It is therefore recommended to thoroughly 

characterize each cell line, for even less well studied uncertainty factors, to mitigate potential 

impact on the experimental measurements. 

 

5.3.1.2 Cs-137 Irradiator 

For the Cs-137 irradiator, plates placed in the center of the turntable experience minimal dose 

variance (≤1.2% using the configuration shown in Figure 5.10). The primary source of this 
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variation comes from plate elevation; plates closer to the lower capsule (7 cm above the floor of 

the irradiator) than where the ion chamber is usually placed during calibration (placed at the 

center of the cavity; 15 cm above the floor) did experience a higher dose rate. Routine 

characterization of an irradiator to determine dose rate and uniformity can improve the accuracy 

of planned dose delivery. Further reduction in dose variance can be achieved by positioning the 

tissue culture plates at ~15 cm above the center of the turntable, the height at which the 

calibration measurements were made. 

 

The transit dose should be taken into consideration when plates are exposed to multiple 

irradiations. The increase in dose due to transit (1.4 cGy/transit) would be 1.6% for 6 Gy 

delivered in 7 fractions but would be 0.2% if the 6 Gy was delivered as a SAT. Therefore, 

experiments with a large number of fractions should consider the additional dose from the 

several transits. 

 

5.3.1.3 BAIRDA 

The greatest source of uncertainty for BAIRDA was due to plausible plate-to-base 

misalignments. These had the largest impact near the catheter because of the sharp dose falloff 

from the brachytherapy source path; the dose falloff from a single source position is close to the 

inverse-square law at larger distances. However, with precise alignment of the plate-to-base 

using visual markers, this uncertainty can be mitigated. 

 

The base was printed with poly(lactic acid) (PLA) and included pockets of air. This resulted in 

its attenuation properties being in-between water and air. The dose calculated using the TG-186 

formalism was on average 1.3% lower than the TG-43 dose measurement. This may be attributed 

to the reduced backscatter from the air above the media. As the distance from the plastic catheter 

increases, a greater amount of dose expected in the TG-43 calculation would be delivered from 

backscatter off water, decreasing the dose relative to the TG-43 calculation. Another potential 

rationale for the differences in calculated dose is the accuracy of ACE. When comparing I-125 

dose calculations for Collaborative Ocular Melanoma Study (COMS) eye plaques, Morrison et al 

found ACE and Monte Carlo (MCNP6 v.1) disagreed significantly in the penumbral shadow of 

an ocular plaque (64). Some of the potential sources of uncertainty in their ACE calculations 
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(e.g. intra-voxel presence of materials, angular discretization) may limit the accuracy of ACE. 

Regardless, the use of a base with properties closer to water can reduce this effect by reducing 

the differences between the experimental configuration and the assumptions made in TG-43. 

 

5.3.1.4 Summary of Recommendations 

Table 5.8: Summary of the uncertainties identified in this study, the method used for their 

identification, and recommendations for reducing uncertainties in dose delivery and 

measurement of SF. 
Source of Uncertainty Method of Identification Recommendations 

Cell seeding density Clonogenic assay 
 

Use calibrated pipettes 

Cell seeding uniformity Clonogenic assay 

 

Experiments performed by trained and 

experienced operators; 
Use of a cell seeder (63) 

 

Cell attachment times Clonogenic assay 
 

Investigate prior to use for each cell line 

Cell hypothermia during radiation  Clonogenic assay 

 

Investigate prior to use for each cell line 

mimicking experimental methodology 
 

Colony selection Clonogenic assay 

 

Investigate appropriate time for cell 

proliferation between irradiation and staining 
 

Intra-operator subjectivity Re-counting results (single operator) 

 

Colony counting performed by trained and 

experienced operators  
  

 

Inter-operator subjectivity  Re-counting results (multiple operators) 
 

Separately compile results from each operator 
prior to averaging results 

 

Source calibration Cs-137: Ion chamber 
BAIRDA: Previous findings (39) 

 

Calibration of sources prior to experiments 

Transit dose Cs-137: Ion chamber 
BAIRDA: Previous findings (41) 

 

Inclusion of transit dose in dose prescription 

Dose non-uniformity in the irradiator Cs-137: Film measurement 
 

Characterize irradiator prior to experiments  
 

Dwell time rounding error BAIRDA: Previous findings (40) 

 

Account in dose calculation 

 
Phantom-base alignment BAIRDA: OcB calculations 

 

Ensure accurate, repeatable alignment 

Incorporation of dose heterogeneity BAIRDA: OcB ACE calculations Utilize a base with water-equivalent properties 

 

5.3.2 Differences in Uncertainty between the Cs-137 Irradiator and BAIRDA 

The development of BAIRDA as an alternative to well-established irradiator techniques 

encourages comparison between the two. Dose uncertainties identified for the irradiator were 

smaller than for BAIRDA. In particular, BAIRDA’s dose uncertainties are large in the ROIs 

close to the catheter, with uncertainties from x-axis misalignment alone being greater than the 

total uncertainty for a Cs-137 irradiator. Nevertheless, this uncertainty is a worst-case scenario 

and can be mitigated by ensuring a precise alignment of the setup during experimentation. In 
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combination with large SFIr uncertainties in this region, BAIRDA’s high dose ROIs exhibit 

larger uncertainties in dose. For example, the dose uncertainty in ROI1 of Figure 4.5(c) (6 Gy) 

was 4.5% but was 2.1% for the ROI between the 0.81 and 0.67 Gy isodoses. If all of the 

alignment uncertainties were corrected and only dose uncertainties (in source strength and dwell 

time rounding) were included, BAIRDA’s total dosimetric uncertainty would be 1.8%. As such, 

BAIRDA may have similar dose uncertainty to that of the Cs-137 irradiator. The relative 

advantages of the irradiator (e.g. lower uncertainty in dose) and BAIRDA (e.g. acquisition of 

experimental results on a single plate) must be weighed when selecting a method of radiation to 

suit the intended experimental application. 

 

5.3.3 Impact on Radiobiological Parameters 

Recalculation of α/β and T1/2 with the additional uncertainties would be unlikely to affect trends 

in the experimentally identified radiobiological parameter values. For example, in Tables 5.5 to 

5.7, α/β varied by a maximum of 0.5 Gy and T1/2 by a maximum of 0.4 hr. In addition, the 95% 

confidence intervals did not change significantly, with a maximum change to the interval of 0.6 

Gy for α/β and a general decrease in the T1/2 95% confidence interval. This limited impact of the 

additional uncertainties may be explained by the dominance of uncertainties created by the 

experimental triplicate. For SW756 cells, the average relative uncertainty in the SF 

measurements from experimental triplicates was 9.2 ± 3.9% and 16.6 ± 12.7% for the irradiator 

and BAIRDA, respectively. Application of the additional uncertainties identified in this Chapter 

will only increase the uncertainties modestly to 9.8% and 17.8%, respectively. Therefore, the 

addition of the identified uncertainties did not significantly affect the parameter fit.  

 

The results of the irradiator and BAIRDA measurements also remain in agreement with each 

other, despite consideration of additional uncertainties, further validating the application of 

BAIRDA as a method for delivering radiation in vitro. 

 

There are no statistically significant differences in the impact of the complete uncertainty 

analysis between SCC (Tables 5.5 and 5.6) and AC (Table 5.7) cell lines. For SCC, the average 

change in the best fit α/β and T1/2 was 0.18 ± 0.2 Gy and -0.06 ± 0.2 hr compared to the scenario 

where only the experimental triplicate was considered. In comparison, the AC cell lines 
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experienced an average difference of 0.15 ± 0.2 Gy and -0.09 ± 0.2 hr. A similar trend was 

identified in the 95% confidence interval, where the addition of a full uncertainty analysis did not 

yield statistically significant differences in SCC (increase in the 95% confidence interval of 0.3 ± 

0.3 Gy for α/β and decrease of 0.0 ± 0.3 hr for the T1/2 on average compared to the scenario of 

including only the uncertainty of the experimental triplicate) and AC (decrease in the 95% 

confidence interval of -0.1 ± 0.3 Gy for α/β and decrease of -0.2 ± 0.4 hr for the T1/2 on average), 

which suggests the identified uncertainties do not affect one cancer type uniquely. 

 

5.4 Conclusion 

Clonogenic assays are a standard technique for measuring cell radiosensitivity. The uncertainties 

associated with both surviving fraction measurement and dose were suspected to have a 

measurable influence on the experimental findings. Comprehensive quantification of 

uncertainties associated with the use of a Cs-137 Shepherd irradiator and Ir-192 brachytherapy 

afterloaders (using BAIRDA, both HDR and PDR) in clonogenic assay measurements was 

therefore performed. This study determined ±6.0% and ±6.3% uncertainty in SF measurements 

and up to ±2.2% and ±4.3% for dose measurements, using the Cs-137 irradiator and BAIRDA, 

respectively. These uncertainties introduced minimal effect on the calculation of radiobiological 

parameters (a maximum difference of 0.5 Gy and 0.4 hours in α/β and T1/2, respectively for all 

cell lines) and did not yield statistically significant differences in the response of SCC and AC 

cell lines with the consideration of the complete uncertainty analysis. Regardless, a better 

understanding of uncertainties and their impact, in both clonogenic assays and the delivery of 

radiation, is encouraged to improve the accuracy and reproducibility of experimental analyses, 

and to provide greater confidence in experimental findings. 
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CHAPTER 6 

SUMMARY, CONCLUSIONS, AND FUTURE WORK 

 

6.1 Summary 

Cervical cancer remains the fourth most common cancer worldwide (1). However, the 

prevalence of cervical cancer is significantly lower in high income countries (HIC) compared to 

low and middle income countries (LMIC) due to vaccine programs and routine screening (2). 

This has resulted in an 18-fold increase in mortality from cervical cancer in LMIC than in HIC 

(2). In Canada, there has been a decrease in the annual percent change in age-standardized 

incidence rates of cervical cancer (3). Further vaccination and screening are currently planned by 

institutes like the Canadian Partnership Against Cancer such that cervical cancer is eliminated in 

Canada by 2040 (4). Despite these efforts, there are still currently about 1,350 cervical cancer 

patients being diagnosed annually (5). For locally advanced cervical cancer, the standard of care 

is concurrent chemotherapy and EBRT with a BT boost (6,7). The use of BT facilitates the 

delivery of highly localized boost doses to the tumor and provides higher patient survival rates 

compared to alternative treatments (8,9).  

 

The dose prescription for the combined EBRT and BT boost dose is commonly given in units of 

EQD2, which requires assumptions about the irradiated tissue’s (tumor and OAR) α/β ratio and 

T1/2 to compare different treatment schedules (e.g. HDR vs PDR BT). The assumed 

radiobiological parameter values have been selected without definitive supporting evidence 

beyond a lack of contradicting clinical evidence (10). However, a wide range of potential 

parameter values have been previously reported in the literature (11). The use of radiobiological 

dose prescriptions thus demands a fuller understanding of the underlying radiobiological model 

and its current limitations. Deviations in either the α/β ratio or T1/2 from their conventionally 

used values can affect assumed equivalencies in treatment and could result in variances in the 

radiobiological dose delivered to tumor and OARs (and therefore, may affect clinical outcome). 

Therefore, investigating the potential uncertainties in the dose delivered, through large-scale 

outcome studies, in vitro cell experiments, or in vivo animal models, may help clinical teams 

design superior radiation treatment regimens that can improve outcomes in locally advanced 

cervical cancer (LACC) patients. 
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There have been no previously published compilations of reported radiobiological parameters for 

cervical cancer and the surrounding normal tissue. Therefore, an exhaustive search was 

completed for these parameter values. This included values reported for α/β, T1/2, and those 

related to post-irradiation tumor proliferation (Tkickoff, Tpot, and α of tumor cells). As shown in 

Tables 3.1 to 3.5, a wide range of parameter values have been identified in previous studies using 

different methods of estimation, including in vitro studies and analysis of patient outcomes. For 

example, the α/β ratio and T1/2 for cervical cancer have been reported to range between 5.9 to 21 

Gy and 0.15 to 5.7 hours, respectively (11). There is also variation in values for the surrounding 

normal tissues (e.g. rectum, bladder, sigmoid colon): 2.5 to 5.4 Gy for α/β and 0.20 to 2.5 hours 

for T1/2. While limited research has been conducted to determine Tkickoff, there is significant 

variance in the reported Tpot (4 to 42.1 days) and α (0.06 to 0.74 Gy-1) (12,13,14,15).  

 

The large variances in reported parameters, should they be representative of in vivo tumor and 

OAR values, may affect the assumed equivalency of treatments planned using conventional 

radiobiological parameter values. The implications in the reported parameter values for 

theoretical radiobiological dose calculations was presented in Chapter 3. Hypothetical treatments 

were generated from EBRT (25 fractions of 1.8 Gy each) followed by different BT boost options 

that are equivalent when assuming conventional tumor α/β and T1/2 values (10 Gy and 1.5 hours, 

respectively) and deliver 90 Gy EQD2 (meeting the EMBRACE II targets for dose to the HR-

CTV D90) (16). Variations in α/β or T1/2 alone, within the range reported in Chapter 3, could 

result in variances between conventionally equivalent HDR and PDR BT boosts of up to 10% or 

13%, respectively. Varying additional parameters in PDR BT that characterize the pulse delivery 

(number of pulses, duration, and frequency of pulses) was investigated for their individual 

impact on the radiobiological dose delivered by (cf. parameter q in Equation (3.1)). Of all the 

parameters, only the interval between pulses had a significant effect. However, radiation is 

traditionally delivered hourly during PDR (17). Therefore, under this assumption, the crucial 

factor that affects the equivalence of HDR and PDR BT treatments is the difference between the 

assumed and actual radiobiological parameter values. 

 

While not generally included as part of radiobiological dose calculations, the impact of 

proliferation parameters is a potentially important consideration for cervical cancer. The range of 
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reported proliferation parameters was considered by calculating the effective loss of 

radiobiological dose (ΔD) after extending a treatment by 15 days (from an overall treatment time 

of 40 days to 55 days). ΔD was found to vary from 3.5 Gy EQD2 to 10.8 Gy EQD2 depending 

on the assumed values of Tpot and α. However, ΔD was not affected by the reported range of 

Tkickoff. Therefore, variances in overall treatment time, Tpot, and α may affect the radiobiological 

dose delivered while, for the range of overall treatment times investigated, Tkickoff will not. 

 

The potential impact of the current range of reported radiobiological parameter values highlights 

the necessity for further investigation of the clinical radiobiological parameters to better 

understand pitfalls in the current approach to dose calculation. Such analysis could make 

treatment planning more accurate and improve cervical cancer patient outcomes. Previous 

studies determining radiobiological parameter values in vitro vary significantly in the specifics of 

radiation delivery (e.g. photon energy, dose rate, radiation schedule), which raises concerns 

about how well these reported parameter values are representative of dose responses to 

brachytherapy. Therefore, while irradiators are traditionally utilized for estimating 

radiobiological parameters in vitro, experimental investigations with clinically relevant sources 

and schedules were deemed necessary. A novel radiation delivery apparatus (brachytherapy 

afterloader in vitro radiation delivery apparatus; BAIRDA) was developed to irradiate tissue 

culture plates in vitro while utilizing clinically relevant photon energies and radiation schedules.  

 

BAIRDA was used to estimate the radiobiological parameters of cervical cancer cells through 

clonogenic assays. A panel of seven cervical cancer cell lines (4 SCC and 3 AC), selected to 

provide a representative sample of the two most common cervical cancer cell histologies, were 

irradiated using both HDR (delivering a single acute fraction of radiation) and PDR BT (hourly 

pulses of radiation) sources. The dose delivered using the different radiation schedules was 

calculated using the OcB treatment planning system. The accuracy of the OcB calculated dose 

was verified by comparing it to the dose estimated by exposing Gafchromic EBT3 films using 

the BAIRDA setup. The OcB ACE calculated and film measured doses agreed to within 3% 

(maximum difference). By dividing irradiated tissue culture plates into multiple ROIs, the 

resulting SF for a range of doses can be measured from the clonogenic assays. Analysis of the 

plates irradiated in a single acute fraction of radiation yielded similar α/β ratios for the SCC and 
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AC cell lines (p-value = 0.07), in the range of 3.8 to 6.3 Gy, which was significantly smaller than 

the conventional assumption (p-value ≈ 0.0004 and 0.006, respectively). However, the T1/2 of 

SCC (2.8 to 4.8 hours) was significantly larger than for AC (0.59 to 1.25 hours) (p-value ≈ 0.01). 

The findings using BAIRDA were validated by comparing the α/β and T1/2 results to comparable 

experiments performed with a traditional Cs-137 irradiator. No significant differences were 

observed between the two, thereby providing support for the BAIRDA-determined findings. 

 

In addition, a comparison of the T1/2 determined by hourly and bihourly pulsed fractions of 

radiation was conducted to explore the assumption of monoexponential repair. For both SCC and 

AC cell lines, the T1/2 values were found to be similar for the hourly and bihourly schedules (p-

value ≥0.07), providing no evidence of non-monoexponential repair.  

 

Several uncertainties were identified for in vitro studies using either the traditional irradiator or 

BAIRDA experiments. While the dose uncertainty is typically not considered and surviving 

fraction uncertainty limited to variances in the experimental triplicate, it was determined that 

these additional uncertainty factors could affect the experimental findings presented in Chapter 

4. A comprehensive analysis was therefore performed to quantify these uncertainties to (a) 

compare the SF and dose uncertainties for BAIRDA against the established irradiator method 

and (b) quantify the uncertainties against the variance in measured SF from an experimental 

triplicate. To accommodate both analyses, uncertainties were divided based on the measurement 

they affected: SF, dose delivered by BAIRDA, or dose delivered by the irradiator. 

 

Uncertainties that affected the measurement of SF included cell seeding density, cell seeding 

uniformity, cell attachment times, colony definition, cell hypothermia during radiation, and 

subjectivity in colony counting. Except for the uncertainty in colony counting subjectivity (done 

by recounting the assay plates), all other uncertainties were determined through additional 

clonogenic assays. A relative uncorrelated uncertainty of 6.3% and 6.0% (k = 1) was determined 

for BAIRDA and Cs-137 experiments, respectively, in addition to the uncertainty in an 

experimental triplicate (measured using only the standard deviation in the number of colonies 

identified on the control plate and irradiated plate/ROI, as shown in Equation (5.9)). For both 

radiation sources, the dominant uncertainty was the variance in colony counting between 
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different operators (4.1%). BAIRDA and Cs-137 experiments have similar overall SF 

uncertainty since, aside from cell seeding uniformity, the other SF uncertainty components are 

identical.  

 

BAIRDA dose uncertainties result from afterloader source calibration and positioning 

uncertainties, plate-base misalignments during experimental setup, and exclusion of material 

heterogeneities during dose calculation. As uncertainties associated with afterloaders, such as 

source calibration, rounding error in the dwell time, and transit dose delivered, are of great 

importance in clinical treatments, they have been previously studied and reported in the 

literature. Of the BAIRDA related dose uncertainties identified in this study, the largest was 

associated with potential plate-base misalignment. Assuming the worst-case scenario, analysis 

conducted in OcB showed that there could be a relative dose uncertainty of up to 3.0% due to 

misalignments in the x-axis and plate rotation. However, this uncertainty can be eliminated by 

accurately aligning the tissue culture plate with the base. Comparisons were also made in OcB 

using TG-43 and ACE to quantify the effects of material heterogeneity in the dose calculation. 

Overall, the dose was reduced by an average of 1.3% (range of 0.6% at points close to the 

catheter to 2.1% at points 2 to 3 cm away from the catheter), which may be attributed to reduced 

backscatter from the air above the media. OcB dose calculations for BAIRDA-irradiated plates 

have a total dose uncertainty of 2.1% to 4.3%, which is the largest for ROIs closest to the 

catheter.  

 

A dose uncertainty analysis was also performed for the Cs-137 irradiator and was divided into 

two categories: dose delivered at the center, and dose away from the center of the irradiator. The 

dose rate at the center of the irradiator was measured using a PTW 30013 ion chamber and 

yielded a dose rate 0.6% lower than was expected using the original calibration. The non-

uniformity of the dose profile inside the irradiator was quantified via exposure of EBT3 

Gafchromic films placed across the cavity at different elevations above the turntable. It was 

observed that points towards the outside of the irradiator’s turntable received doses 10% higher 

than that at the center of the irradiator. However, when compared against BAIRDA, the Cs-137 

irradiator had lower overall dose uncertainty (2.1% to 2.2%). 
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The α/β and T1/2 values calculated with the uncertainties identified in Chapter 5 and those 

estimated with only the uncertainty related to experimental triplicates, were comparable 

(difference of 0.5 Gy and 0.5 hours, respectively). Therefore, the uncertainty analysis in Chapter 

5 did not strongly affect the findings of Chapter 4. The results of this analysis indicate that the 

dominant uncertainty is the variance in the measurement of SF within an experimental triplicate.  

 

Should the results from this thesis hold clinically, the reported parameter values present 

theoretical advantages of both HDR and PDR BT: HDR BT will deliver a higher radiobiological 

dose than the conventionally equivalent PDR BT for AC and vice versa for SCC. This may allow 

for delivery of higher radiobiological doses to AC and SCC through the selection of HDR and 

PDR BT, respectively. Hence, these findings highlight the possibility of personalizing BT boost 

based on cancer histologic type to improve patient outcome through dose escalation.  

 

6.2 Future Work 

The findings of this thesis present a comprehensive effort to better identify tumor radiobiological 

parameter values for cervical cancer BT. Further research building upon the conclusions of this 

thesis is needed for translation allowing improved cervical cancer BT treatments. 

 

The experimental findings were determined using only 4 SCC and 3 AC cell lines. For each 

cervical cancer histology, this may provide limited statistical strength to the findings when 

transferring the results to a clinical environment. Therefore, increasing the number of cervical 

cancer cell lines investigated with BAIRDA would provide greater confidence in the identified 

parameters. However, at present, the availability of AC cell lines is quite limited compared to 

SCC cell lines. After a thorough search through multiple international cell banks, only three AC 

cell lines (HeLa, JHUCS-3, and SiSo) were available. The vast majority of AC cells currently 

available are derivatives of HeLa and therefore do not characterize the original tumor as their 

biological properties have been adapted (e.g. HeLa S3 cells can effectively grow colonies in 

suspension). The use of HeLa cells is also subject to deviation from the original tumor due to the 

cell line’s genomic instability. In a study of 4 HeLa cell lines procured from different 

laboratories, Frattini et al showed that an indeterminate number of different HeLa cell lines may 

exist due to large genomic differences observed between each of the cell lines characterized in 
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their study (18). Hence, there is a need to establish more AC cell lines to allow for a more 

thorough investigation of AC cervical cancer radiosensitivity. An increase in the number of cell 

lines investigated would provide support to the Welch t-tests, which assume a normal 

distribution for the α/β ratio and T1/2 values. While such a distribution for radiobiological 

parameters is commonly assumed, there is no direct supporting evidence for this assumption 

(19,20). 

 

Currently, few studies have investigated radiobiological parameter values for the OARs, such as 

bladder, rectum, bowel, and sigmoid, relevant to cervical cancer treatments. An α/β of 3 Gy and 

T1/2 of 1.5 hours have been conventionally used for these tissues. Similar to differences in tumor 

dose resulting from deviations from the conventional radiobiological parameters, there could also 

be variances in the dose delivered to OARs. For example, the variance in α/β for OARs (2.5 to 5 

Gy) may result in differences of up to 5% in the dose delivered by an HDR and an (assumed) 

equivalent PDR BT boost (Table 3.7). Therefore, further investigation of normal tissue response 

to radiation is warranted. A similar configuration using BAIRDA with the same methodology 

from Chapter 4 could be employed for such measurements. 

 

The uncertainty of the dose delivered by BAIRDA (2.1 to 4.3%) was much larger than that of the 

irradiator (0.7% to 0.9%). However, further refinements to BAIRDA would reduce the dose 

uncertainty considerably. For example, the diameter of the groove that fits the tissue culture plate 

to BAIRDA’s base is approximately 0.5 mm larger than the outer diameter of the tissue culture 

plate (and results in the ±0.25 mm uncertainty in the x-axis that was quantified in Chapter 5). 

The dose uncertainty could thus be reduced by using a base with a smaller groove. If all potential 

plate-base misalignments were eliminated, the dose uncertainty from BAIRDA (1.8%) would be 

comparable to that of the irradiator.  

 

While OcB ACE was used to more accurately calculate dose delivered to the tissue culture plate, 

accuracy of the simpler TG-43 calculation would be improved by using a different material to 

make the base. The current PLA base has hollow areas inside, with PLA columns to improve 

structural integrity. The use of a water-equivalent material for the base would result in a more 

accurate TG-43 dose calculation (within 0.5% of TG-186). 
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The experiments in Chapter 4 have been conducted under ideal conditions, providing the cells 

with ample nutrients, room for growth, and an oxygenated environment. However, cervical 

cancers frequently develop hypoxic regions and standard treatments include chemotherapy for 

radiosensitization, neither of which are considered in the procedure discussed in Chapter 4 

(21,22). Hypoxic conditions will result in an effective lower radiosensitivity: Pajonk et al 

measured an SF of 0.10 for SiHa cells in vitro at 5.26 Gy under oxic conditions and 8.5 Gy under 

hypoxic conditions (23). Conversely, the introduction of a radiosensitizer (e.g. cisplatin) will 

induce heightened radiosensitivity. Słonina et al observed decreased survival of CaSki and SiHa 

cells in vitro when treated with cisplatin and a low dose fractionated schedule (4 fractions of 

0.125 Gy/fraction) (24). Exploration of the cell response to hypoxic conditions and 

radiosensitizers would better characterize the clinical environment experienced by cells during 

BT boosts. This may be approached through a modified BAIRDA configuration (e.g. one that 

allows tissue culture plates to be kept hypoxic during the radiation delivery). 

 

Translation of in vitro findings to the clinical setting will require further research as it is 

infrequent for findings in a laboratory setting to translate successfully to clinical trials (25). The 

use of animal model studies could act as the next step to better replicate the multiple complex 

mechanisms that affect tumor control. For example, Nakano et al reported that infiltration of 

Langerhans cells was a predictor of an increase in the 5-year survival after radiation therapy for 

both stage III SCC (78% with infiltration vs 60% without) and AC (49% vs 25%) patients (26). 

Based on the result, they suggested that Langerhans cells may induce T-cell-mediated antitumor 

response and improve patient outcome (26). Such a response is not replicated in these 

experiments and would require animal models. Another possibility for further exploration is the 

analysis of patient outcomes with respect to the radiobiological parameters identified in this 

research. The results from Chapter 4 suggest that, for SCC, the tumor cells receiving PDR BT 

will experience a higher dose (and will therefore have a higher rate of tumor control) than those 

which received conventionally equivalent HDR BT. Comparative analyses are being performed 

to investigate if the conventionally recommended α/β and T1/2 values for tumor and normal tissue 

fit with clinical outcomes as observed in the EMBRACE study (K. Tanderup and C. Kirisits, 

personal communication). Conclusions could then be drawn by relating the in vivo findings to 

the outcomes studies.  
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