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1 INTRODUCTION 

1.1 Motivation 

Intracranial stereotactic radiosurgery (SRS) is generally used to treat malignant and 

benign brain lesions and represents a non-surgical alternative to complex brain 

surgery. This technique precisely delivers high doses of highly focused ionizing 

radiation to a target region, which allows an increased therapeutic effect in the lesions 

with a low damage to the surrounding healthy tissues 1. The devices most commonly 

used for SRS are the Gamma Knife (GK) (Elekta AB, Stockholm, Sweden) and linear 

accelerators (LINACs). However, other systems such as CyberKnife (Accuray, 

Sunnyvale, CA, USA), TomoTherapy (Accuray, Sunnyvale, CA, USA) and proton 

therapy are also employed for this kind of treatment. Each of these systems and 

modalities has particular advantages and drawbacks 2. Typically, a computed 

tomography (CT) scan and a magnetic resonance imaging (MRI) scan are used 

together in SRS treatment planning to precisely deliver an individualized treatment to 

the patients. The MRI scan is used for tumor definition due to its high soft-tissue 

contrast while the CT scan is used for attenuation correction because of the correlation 

between Hounsfield units (HUs) and the attenuation coefficients. 

 

GK radiosurgery allows to deliver either a single or a few conformal irradiation fractions 

to the tumor through the intact skull to kill or sterilize clonogenic tumor cells. GK has 

been utilized to treat malignant and benign brain tumors, arteriovenous malformations 

(AVMs) and functional disorders 3. Leksell Gamma Knife® Icon™ is the newest model 

of Gamma Knife manufactured by Elekta AB, Sweden. The GK Icon integrated with 

cone-beam CT (CBCT) and other automated features allows single and fractionated 

treatment with greater accuracy compared to the former models 4,5. Besides, patient 

comfort was also improved as treatment with and without the stereotactic frame 

became possible, and the treatment time is reduced compared to former models. The 

steep dose gradient outside the target is a unique feature of GK radiosurgery which 

allows to minimize the radiation dose to the healthy tissues through the combination of 

immobilization and accurate target localization during the treatment planning process 
6. 

 

In treatment with GK, multiple radiation beams, called “shots”, are sequentially 

delivered to produce the prescribed radiation dose in the target region. Each shot is 

produced using 192 60Co sources arranged in eight independent and movable sectors 

with three different collimator sizes each: 4 mm, 8 mm and 16 mm. The sectors can 

also be blocked or sheered. The dose to the target volume is thus delivered using a 

combination of shots with different exposure times, isocenters and collimations. The 

shots will overlap with each other creating a higher dose at the center of the tumor and 

a steeper dose gradient outside the edge of the tumor volume 7. Thus, the total dose 

delivered to the target is determined by the sum of the doses produced by all the shots 

defined in the treatment plan. The required number of shots depends on the size and 
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shape of the target. Thus, larger and irregularly shaped targets typically require more 

shots to create an isodose line according to the target contour 8. The isodose line 

produced by a single shot is usually not enough to cover all parts of large target 

volumes or of targets with irregular shapes 9. For example, in vestibular schwannoma 

(a benign primary intracranial tumor), the target volume is usually small, but due to the 

shape irregularities, more shots are needed to ensure that the isodose line conforms 

precisely to the target. A smooth and conformal isodose line is essential to ensure an 

accurate dose delivery to the target, thus sparing the surrounding healthy tissues. 

 

The activity of the GK 60Co sources determine the dose rate and therefore the required 

exposure time for each shot. Thus, newer sources have higher dose rates which 

decrease over time according to the 60Co half-life (5.26 years). The treatment efficiency 

usually decreases with the reduction of dose rates as the total treatment delivery time 

becomes longer. However, a study on management of the trigeminal nerve showed 

that the decay of the sources does not affect the treatment outcome (pain relief) even 

when the source decays approximately to a fourth of the initial dose rate 10. However, 

another study found that treatment with a new source (higher dose rates) provides 

better pain relief and could reduce the pain recurrence rate 11. 

 

Although treatment planning for GK is currently based on physical radiation doses, the 

consideration of the biological effect both in the target and in the surrounding healthy 

tissues may produce better outcomes. The biological effect produced by tissue 

irradiation is usually described by the biologically effective dose (BED). The 

parameters considered in the calculation of the BED are the dose, the tissue 

radiosensitivity, the dose rate, the cell repair rate and the irradiation time. The tissue 

radiosensitivity depends on two effects: lethal DNA damage (produced by a single 

radiation emission) and sublethal DNA damage (produced by multiple radiation 

emissions) 12. The lethal damage does not allow cell repair while DNA repair is possible 

after sublethal damage. The lethal damage is represented by the α parameter in the 

linear-quadratic (LQ) model (most commonly accepted model to describe the effect of 

radiation on cells) while the sublethal damage is represented by the β parameter in the 

same model 13. Usually, the tissue radiosensitivity is expressed as the ratio between 

the α and the β parameters of the LQ model, what is frequently called the α/β ratio.  

 

The sublethal damage repair is the executive action in the tissue after irradiation based 

on the degree of DNA damage. The sublethal damage repair time depends on the 

tissue type (early or late responding tissues). Generally, the total completion of the 

sublethal damage repair takes about 24 h after irradiation. Thus, many incomplete 

DNA repairs would exist during and after irradiation, especially for long irradiation 

treatments and when the time interval between treatments is less than 24 h 14. In 

addition, the fast components of the repair are essential, especially when the treatment 

sessions vary between approximately 10 min and 60 min, as in radiosurgery 15. 

Therefore, Hopewell et al. suggested that the sublethal damage repair that occurs 

during a radiosurgery session should be included in the calculation of the BED as the 

amount of repair influences the total biological effect 15. Moreover, for GK treatment, 
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the existence of a time gap between each shot could reduce the effectivity of the 

absorbed dose to produce a desired biological effect, especially in the target volume, 

as it allows more sublethal damage repair. This time gap is known as beam-off time, 

and the dose rate is zero during that time 16. The beam-off time of the newest GK units 

is much shorter (6 s) compared to the earlier models (Model B), which is about 6 min 
15.  

 

Because of the way the treatment is delivered with the GK, the sequence of shots can 

influence the biological effect in the regions of interest during a treatment session. 

Each shot has its own region of action, position in the shot sequence, beam-on time, 

dose rate and physical dose. Hence, changing the order of the shots will produce a 

different dose rate pattern in every voxel, which may modify the sublethal damage 

repair process in the regions of interest. Therefore, for the same shots defined in the 

treatment plan, the biological response in each voxel of the regions of interest may 

differ when using different shot sequences. The influence of the intra-fraction dose 

deposition temporal pattern on the radiobiological response in tissue has been 

previously reported for radiosurgery with CyberKnife 17. The probability of sublethal 

damage repair is higher in voxels with lower dose rates compared to voxels with higher 

dose rates with similar total doses 18. Moreover, Andisheh et al. found that the normal 

tissue BED can be reduced between 2 % to 8 % when changing the shot sequence 

from the actual clinical sequence for GK 18. 

 

Additionally, some studies have also shown that changes in the dose rate result in 

variations in the biological response 17,19,20. Therefore, the dose rates of the GK 

sources are relevant in the biological effectiveness of the treatment. Thus, newer 

sources may, in general, produce shots with higher dose rates yielding a higher 

biological effect. 

1.2 Aims 

The general purpose of this thesis is to optimize the biological effect during GK 

treatment by changing the order of the shots resulting from routine treatment planning 

(which is based on doses only). Improvement in the therapeutic outcome is expected 

with an optimized sequence as, according to previous studies, 7,18 the biological 

response varies with the order of the shots. Additionally, BED calculations with three 

different repair models (mono-exponential, bi-exponential and reciprocal repair) are 

considered to further investigate the effect of the shot sequence in the GK treatment. 

Moreover, this study aims at determining the variation in the biological effect produced 

by the difference between the shot dose rates of a new GK unit and the shot dose rates 

for a unit whose sources decayed already by one half-life. 

 

 



 

 4 

2 BACKGROUND 

2.1 Leksell Gamma Knife® Icon™ 

2.1.1 The Leksell Gamma Knife® Icon™ unit 

The Leksell Gamma Knife® Icon™ (Figure 1) is the latest generation of Gamma Knife 

manufactured by Elekta (Elekta Instruments, A.B., Stockholm, Sweden) to meet the 

high demand of intracranial stereotactic radiosurgery. Gamma Knife® Icon™ is an 

integrated system that provides the possibility for clinicians to carry out single-fraction 

or fractionated radiotherapy with high precision and accuracy while sparing healthy 

tissue.  In addition, GK treatment can be delivered with or without a stereotactic head 

frame called G-frame. Thus, treatment of the most complex and critically located 

targets becomes possible with GK achieving higher conformality than with 

conventional or sophisticated radiosurgery using LINACs 21. Furthermore, because of 

its high precision, no additional safety margin is required around the target volume 

when using the stereotactic head frame in Gamma Knife radiosurgery (GKRS), which 

reduces the dose to surrounding tissues. 

 

 
 

Figure 1 Leksell Gamma Knife® Icon™ 22.  

 

The inclusion of a cone-beam computed tomography (CBCT) is a new feature of the 

GK Icon™. The use of a CBCT enables to determine the stereotactic coordinates in 

the three-dimensional (3D) space without using an invasive frame system 23. Thus, the 

stereotactic space coordinates for treatment delivery can be determined by using either 

the G-frame and a CT scan or CBCT images when the frameless thermoplastic mask 

is used. For mask treatments, online adaptive planning ensures precision and 

accuracy in the treatment delivery for every fraction. Moreover, a real-time motion 

management system with a resolution of 0.15 mm monitors the patient movements in 

the mask during treatment delivery. The treatment will stop automatically if the patient 

moves out of a predefined limit. 
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2.1.2 Gamma Knife® Icon™ sources 

Similar to its predecessor, the Leksell Gamma Knife® Perfexion™, the Leksell Gamma 

Knife® Icon™ uses 192 60Co sources for treatment delivery. The initial activity of the 

single source is about 3.0 Ci. Therefore, total initial activity from all sources for a new 

GK unit exceeds 5000 Ci which, typically produce a dose rate of approximately 300 

cGy/min at the isocenter or center of the collimator 24. 60Co, with a half-life of 5.26 

years, decays by emitting two kinds of β- particles followed by two mono-energetic 

gamma emissions with energies of 1.17 MeV and 1.33 MeV, respectively (Figure 2). 

Only the gamma emissions are used for therapeutic purposes. The effective energy of 

the Gamma Knife is slightly lower than 1.25 MeV as some photons interact with the 
60Co sources themselves and with their encapsulation material, which produces 

energy loss. In practice, the treatment time for some prescribed doses doubles after 

approximately five years because of the physical decay of the sources. Figure 2 shows 

the decay process of 60Co. 

 

 
 

Figure 2 60Co decay process 25. 

 
The 192 sources of 60Co arranged in a cone-shaped configuration and are distributed 

in eight movable sectors, each sector consists of 24 sources. There are three available 

collimator sizes in each sector: 4 mm, 8 mm, and 16 mm. Additionally, each sector can 

be also blocked. A tungsten block with a thickness of 120 mm is used to determine the 

collimation in each sector. This tungsten block replaces the multiple helmets for 

primary and secondary collimators used in previous models. The collimators move 

independently to achieve the desired sizes for every of the eight sectors, allowing to 

deliver an isocentric treatment. The size of the collimator determines the diameter of 

the radiation beams. 

 

The overall dose rate of the GK unit (i.e. the calibration dose rate) is usually determined 

with all sectors open at the largest collimator size (16 mm). For the GK Icon™, a 

spherical polystyrene phantom with a radius of 80 mm which allows the insertion of an 
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ionization chamber in its center is used for the dose rate calibration. The phantom, 

whose center is located at the radiation isocenter, can be docked in the GK unit. The 

measured dose rate is used for quality control of the unit when comparing to the 

machine reference value determined by Monte-Carlo calculations 26. The calibration 

dose rate, however, differs from the dose rate in every voxel of the target region as this 

depends on the number, location, collimation and weighting (i.e. time) of each shot 16. 

Therefore, in practice, the concepts of uniform dose distribution or calibration dose rate 

are irrelevant in GK treatment delivery. Similarly, the total dose per voxel is defined by 

the location, collimation and weighting of each shot defined in the treatment plan. 

2.1.3 Cone-beam Computed Tomography 

The cone-beam computed tomography (CBCT) integrated in the Gamma Knife® 

Icon™ unit consists of a rotating X-ray tube and a 34 cm x 39 cm flat-panel X-ray 

detector 23. Both, the X-ray source and the detector, are attached to a supporting arm 

which allows a 210º rotation during the scanning 23. The CBCT images determine the 

stereotactic isocenter for treatment planning and delivery when the thermoplastic mask 

is used. However, the CBCT isocenters differs from the radiation isocenter of the GK 

unit. Thus, the co-registration of the CBCT image and the planning diagnostic CT 

image, which is performed during treatment planning, defines the transformation map 

between the planned isocenter positions and the stereotactic reference. An additional 

CBCT image taken just before treatment is used to verify the skull position and 

therefore guarantees that the dose will be delivered as defined during the treatment 

planning. Thus, the integrated CBCT enables treatment delivery with high localization 

accuracy 26. 

2.1.4 Intra-fraction Motion Management 

The intra-fraction motion management (IFMM) system is another unique feature of the 

GK Icon™. The IFMM is used to monitor the patient movements during treatment 

delivery in which the thermoplastic mask is used. According to some studies, the use 

of a thermoplastic mask, without additional positioning systems, allows a patient 

positional accuracy in the range of 3 mm to 3.5 mm, which may be insufficient for some 

cases of stereotactic radiosurgery 27–30. Therefore, the Gamma Knife Icon™ 

incorporated the IFMM. This monitoring system consists of an infrared (IR) camera, a 

reference tool and a patient marker which allow a tracking accuracy of 0.15 mm 23,26,31. 

The patient marker is positioned on the nose tip and the movement is detected through 

four IR reference markers located on the mask holder. There are two different 

monitoring modes in the IFMM. The first mode is the active mode, in which the 

treatment is stopped when the IFMM system detects a patient movement exceeding 

the permissible limits that can be configured from 0.5 mm to 3 mm 23. The treatment 

will continue after the patient returns to the original positioning. The second mode is 

the passive mode, in which warning messages are shown if there are considerable 

positioning deviations (out of the defined limits) but the dose delivery is not stopped by 

the system 26. In this mode, the interruption of the treatment depends on the treating 

physician or technician. 
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2.1.5 Leksell Gamma Plan 

The Leksell GammaPlan v11.0.3 (LGP) is a treatment planning software for GK units 

specifically designed to assist physicians and physicists in creating GK treatment 

plans. The Gamma Knife® Icon™ enables a fast dose planning with high conformity 

and accuracy by using WarpSpeed and Inverse Planning. The WarpSpeed tool allows 

to modify, add and remove isocenters (i.e. shots) while providing instant feedback of 

the dose distribution 32. This feature allows a considerable reduction in the time 

required for treatment planning with GK. The Inverse Planning tool 22 has two 

independent functions: filling and optimization. The filling function allows to estimate a 

preliminary plan by automatically determining the number of isocenters (i.e. shots) and 

their positions based on the target volume and on pre-configured treatment quality 

parameters. The optimization feature allows to improve the preliminary plan by 

performing a thousand iterations and selecting the plan with the best treatment quality 

parameters.  

 

The optimization process is determined by four treatment quality parameters, which 

are coverage, selectivity, gradient index and beam-on time. The coverage parameter 

represents how much of the target receives the prescribed dose and it is defined as 

the ratio between the volume in the target region with at least the prescribed dose 

(VTPD) and the volume of the target region (VT) 33. The selectivity parameter is used 

to represent how much healthy tissue is spared and it is defined as the ratio between 

the VTPD and the total volume receiving at least the prescribed dose (VPD) 33. The 

gradient index, which describes the dose fall-off, is another parameter to measure the 

impact of the treatment in the healthy tissue and it is defined as the ratio between the 

volume receiving at least half of the prescribed dose (VTPD1/2) and the VPD 33. The 

beam-on time (BOT) is the sum of the radiation exposure times for every shot defined 

in the treatment plan 34. The expected values for these treatment quality parameters 

are coverage ≥ 0.98, selectivity ≥ 0.85 and gradient index ≤ 3.0. It is an aim of the 

treatment planning that the BOT is as short as possible for patient comfortability and 

to avoid motion. In addition, long treatments (above ~ 45 min) could be only delivered 

using a stereotactic frame while shorter treatments can be delivered also using the 

thermoplastic mask. However, the decision of using the frame or the mask depends 

on the treating physician and on the patient’s condition. 

 

The LGP system calculates the radiation dose based on the configuration of the GK 

unit, the geometry of the patient's head and the number, time and collimation of the 

planned shots. These parameters are essential to analyze the dose distribution and to 

calculate the dose in every voxel in the regions of interest (ROIs). Generally, in 

radiotherapy with LINACs, it is intended that the dose be evenly distributed in the target 

region to prevent cold spots (areas with too low dose) and hot spots (areas with too 

high dose). However, the dose in the target region in GK radiosurgery is 

inhomogeneously distributed due to the delivery method. The intended “hotter” regions 

could experience an enhancement in the cell-killing but could also produce necrosis. 

Therefore, the prescribed dose and the prescription isodose line limit the dose in the 
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target region. The system uses mathematical algorithms to calculate the dose in every 

voxel, which includes the dose contributions from all the shots 35. There are three 

algorithms available in the LGP for dose calculation: tissue maximum ratio (TMR), TMR 

10 and a CT-based convolution algorithm. Both the TMR classic and the TMR10 

considers the head as a uniform water phantom, while the CT-based convolution 

algorithm considers tissue inhomogeneities in the dose calculations 36. 

2.1.6 Treatment Planning Process 

Neurosurgeons, radiation oncologists and medical physicists work together to create 

a patient’s treatment plan. A good treatment plan will lead to a short treatment time 

with high dosimetric quality (considering coverage, selectivity and gradient index). A 

shorter treatment time is beneficial for the patients as a reduced time improves the 

comfortability of the patient 37. For some patients, a reduced treatment time is a must 

as, due to the patient condition, it is not possible for the patient to stay still or laying on 

the couch for long periods. 

 
The treatment outcome relies considerably on the contouring of the target region which 

is critical to achieve the desired local tumor control but also to reduce the normal tissue 

toxicity 38. Moreover, tolerance dose limits are defined for the organs at risk (OARs) to 

avoid normal tissue complications. The size and location of neuroanatomic structures 

must also be carefully taken into consideration when designing the treatment plan. For 

example, if a tumor is close to the optical structures (e.g. the chiasm and the optic 

nerve), the separation between the tumor and such a structure should be at least 4 

mm before considering GKRS 24. In order to minimize the risk of optical neuropathy, 

the dose to the optical structures should be limited to less than 10 Gy. Therefore, the 

careful definition and delineation of OARs are essential during treatment planning. 

Thus, a treatment plan is only accepted if, in addition, to cover the target with the 

prescribed dose, the dose distribution in the OARs meets the defined criteria to avoid 

normal tissue complications. 

 

The International Commission of Radiation Units and Protection (ICRU) in its Report 

50 (1993) provides a guideline for the physicians to facilitate volume contouring. There 

are three target volumes typically defined when designing the treatment plan: gross 

target volume (GTV), clinical target volume (CTV), and planning target volume (PTV), 

as shown in Figure 3 below. The GTV is the observable volume of the tumor that can 

be interpreted as a region of the tumor where the cell density is higher 39. The CTV is 

based on the GTV but also includes an additional margin to cover the microscopic 

disease areas (i.e. regions with tumor cells that cannot be observed in the images) and 

thus avoid the proliferation of sub-clinical disease. Therefore, treatment including the 

region contoured by the CTV is essential to achieve cure. Lastly, the PTV is based on 

the CTV but also includes an extra margin to account for geometric uncertainty due to 

positioning, for example. 
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Figure 3 Treatment planning volume definition based on ICRU 50 39. 

 
There are two main kinds of treatment planning, forward planning and inverse 

planning. The forward planning method is performed in most clinical environments with 

gamma knife radiosurgery using a trial and error strategy. Thus, the planner adds 

and/or removes shots at will and modifies their locations and configurations until 

achieving the intended dose characteristics for the PTV and the OARs. Although 

forward planning is time-consuming and the quality of the treatment plan depends on 

the planner skills, it is still possible to achieve satisfactory plans using forward planning. 

On the other hand, in inverse planning, the goals of the plan (i.e. dose characteristics 

for the PTV and the OARs as well as the treatment quality parameters) are given as 

the input of the treatment planning software and the software delivers the total amount 

of shots, their location, weight and collimation. Thus, inverse planning allows a faster 

treatment planning process with better results than forward planning in many cases. 

The LGP version 10 and above include an inverse planning algorithm which eases the 

treatment planning process. 

 

In GK radiosurgery, the physical radiation dose is often prescribed to the 50% isodose 

line. However, the isodose lines used in the prescription can be modified to optimize 

the dose gradient outside the target depending on the criteria for particular clinical 

cases 40. The prescribed physical dose describes the minimum radiation dose received 

by the tumor and varies for different kinds of tumors. Thus, the maximum tumor dose 

is twice the prescription dose when the prescription isodose line is 50%. For example, 

if the patient is prescribed with 12 Gy at the 50% isodose line, the maximum dose 

within the tumor will be 24 Gy (100%). The prescribed physical dose is based on the 

tumor volume, the primary tumor histology and prior treatment. The tumor volume 

needs to be considered in the prescribed dose as potential adverse effects are 

proportional to the irradiated tumor volume 5. In addition, the prescription dose also 

varies depending on the type of tumor. 
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2.1.7 Clinical Workflow GK Radiosurgery 

The clinical workflow with GK starts with the definition of the head immobilization 

device, frame or mask, depending on the patient condition and the tumor 

characteristics (i.e. type, shape, location and size). The Leksell stereotactic G-frame 

(Elekta Instrument AB, Sweden) consists of four fixation pins, four support posts, and 

the base ring of the frame. For the GK Icon, there is a mechanical frame adapter 

between the frame and the treatment couch. The frame-based fixation is inappropriate 

for fractionated treatment due to the invasiveness of the frame. On the other hand, the 

thermoplastic mask (ICON™ Nanor) is made of a nanoparticle compound which was 

specially designed for molding at low temperatures (62.8 ºC [145 ºF] and higher) 41. 

The main attribute of this mask is to improved patient comfort while ensuring a high 

precision treatment delivery. Unlike with frame-based fixation, multisession GK 

radiosurgery becomes possible with the mask-based fixation. In general, frame-based 

fixation, which allows a more accurate positioning with less motion, is used for single-

fraction treatments with longer treatment times or with targets near critical anatomical 

structures. Mask-based fixation (with thermoplastic mask) is used for single-fraction or 

fractionated treatments, usually with shorter treatment times and no critical structures 

around to the targets or when the patient cannot tolerate the use of the frame.  

 

The frame-based procedure is usually initiated with the acquisition of an MR scan, 

which offers superior soft-tissue contrast, for diagnosis and contouring of the regions 

of interest one or two days before the treatment delivery. On the treatment day, the 

patient receives local anesthesia at the sites of the head where the frame pins will be 

placed. The Leksell "G-frame" is mounted on the patient head by a physician using a 

4-point fixation with a torque of approximately 30 cNm 42. The placement of the frame 

is crucial as the main target needs to be as close as possible to the frame centroid 

while achieving a stable frame attachment. The frame has built-in 3D coordinate scales 

which help with the frame positioning. After the frame is mounted, the patient 

undergoes regular diagnostic CT scanning in which an “indicator” box is placed to 

generate fiducial marks in the images. The CT images are used to define the reference 

for the stereotactic coordinate system and to apply radiation attenuation correction 

during treatment planning. The stereotactic coordinate system from the CT scan and 

the stereotactic space in the LGP treatment planning system are co-registered by 

selecting the fiducial marks that emerge in the CT image because of the presence of 

stereotactic “indicator” box. The CT image is then co-registered with the MR image in 

the LGP treatment planning system for precise target localization and the treatment 

plan is finalized. Before treatment delivery, the patient is set up on the GK couch with 

the head precisely positioned for treatment using the stereotactic frame. Then the 

treatment is delivered, which lasts between 20 min and 2 h and during which the patient 

does not experience any pain produced by the radiation treatment. Once the treatment 

is completed, the head frame is removed. 

 

Similar to the frame-based workflow, the frameless workflow (i.e. using the 

thermoplastic mask) also starts with an MR scan one or two days before treatment 
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delivery. Subsequently, the patient's mask is created. The nose part of the mask is 

trimmed to place a single reflective optical marker on the tip of the patient's nose. This 

marker serves as an anatomical reference for motion monitoring during treatment 

delivery. The patient then undergoes a standalone CBCT scan for stereotactic 

referencing. Optionally, the patient also undergoes CT scanning with the mask on for 

better attenuation correction. The MR, CT, and CBCT images are then co-registered 

in the LGP treatment planning system for target localization and verification. The 

treatment plan is finalized and sent to the Gamma Knife unit. A CBCT scan is 

performed again to confirm patient positioning before the delivery of the treatment. 

Once the patient positioning is confirmed, the treatment is delivered. For fractionated 

treatment, a CBCT scan is performed before each fraction to ensure positional 

accuracy for each treatment fraction. 

2.2 Brain Tumors 

Uncontrollable and abnormal growth of brain cells leads to the occurrence of benign 

or malignant brain tumors. The initial site of occurrence can be either in the brain itself 

(i.e. primary brain tumor) or in other parts of the body from where the tumor cells spread 

to the brain (i.e. brain metastasis). Brain tumors can be classified as benign tumors 

(i.e. tumors that do not spread out of the primary site) or malignant tumors (i.e. tumors 

which can spread to neighboring tissues or to other parts of the body). Some examples 

of benign tumors are vestibular schwannoma, pituitary adenoma and most 

meningiomas while brain metastases and glioma are the most representative cases of 

malignant tumors, also called cancerous tumors. 

 

Brain metastases (BMs) are found in up to 20% - 40% of cancer patients 43,44 and are 

commonly produced from primary cancer in the lungs, breast, skin (melanoma), colon 

and kidneys. The type of cells in the brain metastases is usually similar to the cells in 

the primary site of the tumor. Single or multiple brain metastases can be found, 

depending on the aggressiveness of primary cancer. The treatment options for patients 

with brain metastases are surgical resection of the tumor(s), whole-brain radiation 

therapy (WBRT), radiosurgery or a combination of these modalities. The combination 

of surgery and WBRT has improved patient survival rates and local tumor control for 

the patient with few brain metastases 45,46. However, depending on the size and 

location of the brain metastases, surgery is not always possible 47,48. Alternatively, 

some studies have shown that the combination of radiosurgery and WBRT improves 

patient’s quality of life and survival compared to only WBRT 49 and that radiosurgery 

alone results in high rates of tumor response and local control 50–52. In addition, 

Yamamoto et al. showed that radiosurgery alone can be effective to treat patients with 

up to ten brain metastases 53. 

 

Another aggressive malignant brain tumor produced from glial cells is known as 

glioblastoma multiforme (GBM). GBM usually occurs in adults (40-70 years old) and 

constitutes about 15% among all brain tumors 54,55. The location of the tumor in the 

brain determines the symptoms of patients with GBM. GBM patients may suffer from 
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headaches, seizures, nausea and vomiting, changes in vision, loss of appetite, 

changes in mood and behavior, concentration deficit, and motor or sensory deficiency 
55. Patients with GBM are usually treated with surgery, radiation therapy and 

chemotherapy. Surgical resection followed by radiation therapy is considered as the 

standard management for GBM patients 56. GK radiosurgery is often used as adjuvant 

therapy after surgery or for tumor recurrence in GBM patients. However, the efficacy 

of GK radiosurgery for GBM has not been clearly demonstrated 56, although Larson et 

al. showed an improved survival rate for treatments combining GK radiosurgery with 

other therapeutic modalities 57. 

 

Different to brain metastases and GBM, meningiomas are mostly benign non-

cancerous tumors which originate in the inner layer of the meninges. However, 

approximately 10% of meningiomas are malignant. These kinds of tumors are difficult 

to remove surgically as they grow in between the bottom of the skull and the back of 

the eyes. The symptoms of patients with meningioma depend on the tumor size and 

location. Meningioma patients usually experience a loss of sensitivity in the arms or 

legs as well as other symptoms such as headaches, seizures, vision problems and 

weakness. Approximately 80%-100% of the meningioma cases can be controlled with 

radiosurgery 58. Thus, Gamma Knife therapy represents a useful alternative for patients 

with meningioma, especially for tumors located near essential structures in the brain, 

which complicates a surgical treatment. Meningiomas with sizes of 4 cm or smaller 

respond better to treatment with Gamma Knife 58. 

 

Pituitary adenomas, benign tumors of the anterior pituitary gland caused by a hormonal 

imbalance, account for 10% to 15% of all intracranial tumors 59. The symptoms 

produced by a pituitary adenoma depend on the tumor type and on the area of the 

pituitary gland affected. These kinds of tumors are treated with medication, surgery, 

radiotherapy and stereotactic radiosurgery. Surgical resection of the tumor results in a 

decrease of the neurological symptoms 60, but this is not feasible when the tumor 

infiltrates the cavernous sinus. However, there is a 20% to 50% possibility of tumor 

recurrences after surgery 61–63. Alternatively, it has been proven that the size of pituitary 

adenoma can be effectively controlled using GK radiosurgery with a rate of tumor 

control higher than 90% 59,61,64–66. 

 

Vestibular schwannomas (VS) or acoustic neuromas are uncommon and benign 

tumors originated from the Schwann cells (cells of the peripheral neural system that 

allow the fibers of the peripheral nerves to live) 67. The incidence of vestibular 

schwannomas is about 1 in 100 000 people. The growth of vestibular schwannomas 

is usually slow, and their detection is possible when they have a considerable mass or 

when they produce compression of the proximal cranial nerve. Patients with vestibular 

schwannoma may experience hearing problems, loss of sensitivity in the face, 

weakness, ear pain and changes in the gustatory perception. Vestibular schwannoma 

is managed through observation, resection, radiotherapy (fractionated) and 

stereotactic radiosurgery to control the tumor growth, to preserve hearing and to 

protect the facial nerve 3. For larger VSs, resection is the preferred choice as it reduces 
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the mass effect on the brainstem. However, surgical resection usually requires 

adjuvant treatment as the rate of recurrence increases with the size of the VS. Multiple 

studies have shown the efficacy of stereotactic radiosurgery in managing VS (small 

and medium-size) 68–72. The cochlear dose during radiosurgery is crucial for hearing 

preservation. According to a study on 38 VS patients treated with SRS, the hearing 

function deteriorates in patients who receive a higher minimum cochlear dose during 

treatment 73. Therefore, it is crucial to contour and consider the dose to the cochlea 

during treatment planning 74. 

 

The disorder of the fifth cranial nerve causing facial pain is known as trigeminal 

neuralgia (TN). In some patients, TN is accompanied by some atypical characteristics 

such as burning, chronic pain or severe pain 75. The efficacy of GK radiosurgery in 

managing patients with TN has been proven in multiple studies, especially in patients 

for whom surgery is not possible 65,76,77. As in other radiosurgery treatments, it is 

essential to accurately delineate all proximate critical structures (i.e. brainstem, optical 

apparatus and cranial nerve) and to consider the radiation dose in them during 

treatment planning to avoid radiation adverse effects 77. 

2.3 Radiobiology of Radiosurgery 

The gamma rays from the 60Co sources are absorbed in the tissues via the Compton 

effect which is producing fast electrons. The Compton effect is the interaction of 

photons with charged particles in matter that produces a loss of energy in the photons, 

which is transferred to the charged particles and may result in the emission of electrons 

from the outer energy shell of the atoms. The fast electrons produced by the 60Co 

irradiation cause tissue damage in two ways: indirect damage (the electrons interact 

with the water molecules around the DNA and produce hydroxyl radicals that can 

damage the DNA by breaking the DNA chemical bonds) and direct damage (the 

electrons interact directly with the DNA resulting in single- or double-strand breaks) 78. 

The amount of strand breaks in the DNA is an indication of the loss of biological 

functions produced in tissues or cells.  

 

The radiation damage produced in the DNA is classified as potentially lethal damage 

and sublethal damage. The repair of potentially lethal damage is in principle not 

possible and produces cell death. In contrast, sublethal damage can be repaired and 

usually occurs within 24 h after irradiation, except if the damage is more pronounced 

than the repair rate in the cells. The most common mechanism of cell death is mitotic 

death, where cells will not die until they try to reproduce. Mitotic death describes the 

process of cells to divide before they die because of chromosome damage. This 

implies that the biological effects of irradiation, such as tumor shrinkage, may take 

days, months, or even years to appear depending on how fast the replication of cells 

is. In addition, apoptosis, or programmed cell death, is another mechanism leading to 

cell death that usually occurs in healthy cells after irradiation. 
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The tumor growth is typically slow and decreases after irradiation as the tumor cells 

are unable to rapidly repair the DNA damage produced by the irradiation. Differently to 

cancerous cells, most normal cells (late responding tissue) appear to recover more 

effectively after irradiation when receiving the same radiation dose. The biological 

impact depends considerably on the type of irradiated tissue, more specifically on its 

radiation sensitivity, and on the absorbed dose. Usually, tumor cells are more 

radiosensitive and take longer to repair the DNA damage than normal tissue, which 

allows fractionated radiotherapy treatment. Late responding tissues are much more 

susceptible than acute-responding tissues to a fractionated radiotherapy scheme 79. 

Irradiation of serial organs (usually with a small transversal area in which the functional 

continuity of the organ is important, such as nerves) produces a different biological 

effect than irradiation of parallel organs (the continuity of the organ is not important, 

only the affected volume) 6. Therefore, the kind of organ (serial or parallel) needs to be 

considered to better determine the biological effect in the organs after irradiation. 

2.3.1 Cell Survival Curve 

Clonogenic cells are cells that have the reproductive capability and therefore can 

proliferate 78. The alteration of the reproductive control genes in clonogenic cells can 

lead to uncontrolled growth that producing high accumulation of cells (i.e. tumors). 

Therefore, to sterilize a tumor, the objective is to kill or inactivate all its clonogenic cells. 

Thus, the tumor proliferation and overall effect of irradiation on the tumor depends on 

the number of clonogenic cells surviving after radiotherapy. The cell survival is 

determined by the received absorbed dose. The plot of the absorbed radiation dose 

against the proportion of cells that survive after irradiation is known as a cell survival 

curve 78. The cell survival after irradiation can be partially described by an exponential 

function and is usually plotted on a logarithmic scale, which facilitates the interpretation 

of the curve, especially to observe the effect for low survival rates. A typical cell survival 

curve is presented in Figure 4 below. 

 
 

Figure 4 A typical cell survival curve for cells irradiated in tissue culture. (a) linear scale 
(b) the same data plotted on logarithmic scale 80. 
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2.3.2 Linear Quadratic Model 

The linear-quadratic (LQ) model is the most commonly used model for analyzing the 

survival response of cells after irradiation 3. The LQ model determines the fraction of 

cells that survive after irradiation by considering two forms of DNA damage expressed 

by a linear term (used to described lethal damage) and a quadratic term (used to 

describe sublethal damage, which allows DNA repair) 81. Based on the LQ model, the 

survival fraction (SF) is expressed as: 

 

 𝑆𝐹 = 𝑒𝑥𝑝(−∝𝐷−𝐺𝛽𝐷2) (1) 

 

where D is the absorbed dose (Gy) and α (Gy-1) and β (Gy-2) are the linear and 

quadratic tissue radiosensitivity parameters, respectively.  

 

The linear coefficient α (Gy-1) describes the initial part of the survival curve and 

accounts for the non-repairable DNA damage which kills the cells by a single radiation 

event (lethal damage). The quadratic component β (Gy-2) describes the late section of 

the survival curve and represents the DNA damage that requires multiple radiation hits 

to produce cell death, which may be repairable with time (sublethal damage). The G 

factor also called the Lea-Catcheside dose-protraction factor, describes the 

relationship between dose rate, repair rate, absorbed dose and exposure time 82,83. 

The G factor is expressed as: 

 

 𝐺(𝑇) =
2

𝐷2
∙ ∫ �̇�

𝑇

0

(𝑡) ∙ (∫ �̇�
𝑡

0

(𝑤) ∙ 𝑒−𝜇𝑟𝑒𝑝∙(𝑡−𝑤) ∙ 𝑑𝑤) ∙ 𝑑𝑡 (2) 

 

where 𝑇 is the radiation exposure time, 𝑡 and 𝑤 are integration time variables, and 

𝐷,  �̇�(𝑡) and 𝜇𝑟𝑒𝑝 are the absorbed dose, dose rate at time 𝑡 and the cell repair rate, 

respectively. The G factor is assumed to be 1 for acute absorbed doses, as in external 

beam radiotherapy with LINACs. 

2.3.3 Biological Effective Dose 

Barendsen first introduced the concept of BED in 1982 from the concept of 

extrapolated tolerance dose (ETD), which was later renamed as extrapolated response 

dose (ERD), and finally received the name of biologically effective dose (BED) by 

Fowler 84,85. The BED is a representation of the absorbed dose which considers the 

biological effect produced in the tissues by the irradiation. Based on the LQ model, the 

BED is defined as: 

 𝐵𝐸𝐷 = 𝐷 ∙ (1 +
𝐺

𝛼 𝛽⁄
∙ 𝐷) =  −

𝑙𝑛(𝑆𝐹)

𝛼
 (3) 
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where the 𝛼 𝛽⁄  ratio (Gy) is the tissue-specific radiosensitivity towards a particular type 

of ionizing radiation. Tissues or cells with a higher 𝛼/𝛽 ratios are more sensitive to 

ionizing radiation. The 𝛼 𝛽⁄  ratio also describes the dose value at which the linear 

contribution to the cellular damage (𝛼𝐷) is equal to the quadratic contribution (𝛽𝐷2). 

Thus, the 𝛼 𝛽⁄  ratio (Gy) can be defined as: 

 

 𝛼𝐷 = 𝛽𝐷2 (4) 
 

 𝐷 = 𝛼 𝛽⁄  (5) 

 

The α/β ratio is the most influential radiobiological parameter in the BED formula as it 

allows to differentiate the types of tissues (early or late responding tissues). Higher 

𝛼 𝛽⁄  values (e.g. 10 Gy) are characteristic of early responding tissues and most tumors 

while lower values (around 2 Gy or 3 Gy) are used for late responding tissues. A 

subscript with the 𝛼 𝛽⁄  ratio value is added next to the absorbed dose unit (Gy) to 

represent the units of BED which avoid any confusion when comparing BED values 

(e.g. a unit of Gy10 is used if the BED was calculated with an α/β ratio of 10 Gy). The 

subscript in the unit also indicates that the value corresponds to a biological dose, and 

not to a physical dose. 

The BED value is indeed an indicator of the biological effect in the tumors and normal 

tissue. Thus, higher BED values indicate a higher biological effect. Tissues with smaller 

𝛼 𝛽⁄  ratios (late responding tissues) have a more significant repair effect compared to 

tissues with larger α/ß ratios (early responding tissues). Hence, the survival fraction is 

higher in late responding tissues compared to early responding tissues.  

The BED depends on the dose rate and the exposure time, which implies that periods 

of no irradiation contribute to reduce the total biological effect after radiotherapy. Thus, 

the use of BEDs instead of absorbed doses during treatment planning may lead to 

improved radiation treatment protocols with better therapeutic ratios (i.e. ratio between 

tumor BED and OAR BED). In addition, some of the clonogenic tumor cells would 

survive, repair and repopulate, which in turn reduce the efficacy of the treatment. 

Therefore, it is of high importance to include repair components in the measurement 

parameter to determine the efficacy of radiation treatment.  

The standard BED equation, however, needs an adjustment to account for incomplete 

repair by considering the two-hit damage where the two hits are in different fractions. 

The values of BED with incomplete-repair are always higher compared to non-repair-

corrected BED values. Therefore, a comparison cannot be made between BED values 

corrected for repair and non-corrected repair BED values 86. 
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3 MATERIALS AND METHODS 

3.1 Patients 

A group of 25 patients with various brain tumors treated with GK radiosurgery at the 

Department of Radiation Oncology, University Medical Center Mannheim, Germany 

between 2015 and 2019 were retrospectively selected for analysis in this thesis work. 

Table 1 below illustrates the tumor type and the GK treatment characteristics for each 

patient selected for this analysis. 

 

Table 1 Tumor type and GK treatment characteristics for analyzed patients. 

Patient 

ID 

Tumor 

type 

Target 

Volume (cc) 

Prescribed 

dose (Gy) 

Prescription 

isodose line (%) 

No. of 

Shots  
1Pt 1 VS 0.24 12 50 6 
1Pt 2 VS 0.29 12 65 6 
1Pt 3 VS 0.19 12 65 7 
1Pt 4 VS 0.14 12 50 4 
1Pt 5 VS 0.72 12 50 7 
1Pt 6 Glio 0.20 16 50 7 
1Pt 7 Glio 0.62 6 50 6 
1Pt 8 PA 0.16 25 50 5 
1Pt 9 MET 0.36 16 70 4 

2Pt 10 Glio 0.28 16 50 5 
2Pt 11 MEN 0.18 16 50 6 
2Pt 12 MEN 0.27 16 50 7 
2Pt 13 MET 0.85 22 50 6 
2Pt 14 MET 0.28 22 50 5 
2Pt 15 MET 0.57 16 50 6 
2Pt 16 MET 0.91 22 50 5 
2Pt 17 MET 1.18 22 50 4 
2Pt 18 MET 2.42 22 50 5 
2Pt 19 MET 2.08 22 50 4 
2Pt 20 MET 0.63 22 50 5 
2 Pt 21 MET 27.41 10 50 17 
2 Pt 22 MET 14.43 8 50 20 
2 Pt 23 MET 10.40 10 50 25 
2 Pt 24 MET 7.78 16 50 27 
2 Pt 25 MET 10.52 20 50 33 

1Pt = patient with OAR(s) delineated for treatment planning. 
2Pt = patient with no OAR delineated for treatment planning. 

VS = Vestibular Schwannoma, Glio = Glioblastoma, PA = Pituitary Adenoma,  

MEN = Meningioma and MET = metastasis (single target only) 
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The treatment plans for all patients were generated using the Leksell Gamma Plan 

(LGP) version 11.0.3 and the patients were treated with the Gamma Knife® Icon™. 

The number of shots ranged from 4 to 33 (median of 6), and the mean target volume 

was 3.3 cc ± 6.4 cc (median of 0.62 cc, range from 0.14 cc to 27.41 cc). The mean 

prescription dose to the target was 16.2 Gy ± 5.3 Gy (median of 16 Gy, range from 6 

Gy to 25 Gy), and the prescription isodose lines varied from 50% to 70%.  

3.2 Ethics Statement 

This study received approval from the Medical Ethics Commission II (Medizinische 

Ethik - Kommision II), Medical Faculty Mannheim, Heidelberg University (2015-621N-

MA) and was conducted according to the tenets of the Declaration of Helsinki. Written 

consent was waived due to the utilization of anonymized imaging data with no personal 

information. 

3.3 Radiobiological Simulations and Processing 

3.3.1 Data extraction 

The data extraction process started with the isolation of each shot by setting the 

weights of all other shots to zero. All other settings were fixed similarly to the clinical 

treatment plan. The dose prescription was adjusted until the shot beam-on time was 

equal to the beam-on time of the shot in the clinical treatment plan. Thus, the single 

isolated shot will produce the same dose distribution with the same dose rate per voxel 

as when integrated into the actual clinical plan. The 3D dose distributions produced by 

every single shot were exported as Digital Imaging and Communications in Medicine 

(DICOM) files conserving the same dose grid and resolution. The CT images used for 

treatment planning as well as the contoured structures (PTV and OARs), and the 

treatment plans (clinical plan and the plans for each isolated shot) were also exported 

as DICOM files. The treatment plan DICOM files contain information about the 

sequence of shots as well as the dose rate, the total delivered dose, and the beam-on 

time for each shot. The clinical treatment plan was used as a reference to measure the 

improvement achieved by modifying the shot sequence.  

 
The dicomrt-toolbox-v2 from Computational Environment for Radiological Research 

(CERR) 87 was used in conjunction with MATLAB 2018a, The MathWorks, Inc., Natick, 

Massachusetts, United States to retrieve all the information from the DICOM files 

exported from the GK treatment planning system (i.e. CT images, treatment plans, 

structures, and dose distributions). A hierarchical MATLAB structure was created for 

each patient with the retrieved information to allow automated processing. MATLAB® 

2018a was also used for all the other calculations required for the data analysis. 

 

The retrieved absorbed doses, dose rates, dose distributions and beam-on times of 

each planned shot were used to determine the impact of the shot sequence on the 

treatment efficacy for the analyzed treatment plans 88. Improvement in the treatment 
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efficacy was determined by the variation in the therapeutic index (for patients with 

defined OARs) or in the tumor BED (for patients without defined OARs). 

3.3.2 Permutation of the shot sequence 

Different combinations of the shots were analyzed to determine the shot sequence with 

the best therapeutic characteristics (i.e. higher therapeutic index or higher tumor BED). 

The total number of possible shot sequences depends on the amount of planned shots 

and is equal to the factorial of the number of shots. For example, a treatment plan 

consisting of 4 shots will produce 24 (i.e. 4!) possible shot combinations while for a 

plan with 10 shots 3 628 800 (i.e. 10!) possible sequences exist. A permutation function 

in MATLAB (perms.m) was used to produce all the possible shot sequences for 

patients with treatment plans with 10 or less shots. Due to the high computational 

processing and required memory, only 1000 randomly generated shot sequences were 

analyzed for patients with treatment plans with more than 10 shots. 

3.3.3 Biological effective dose calculation 

BED values were calculated for each voxel in the target volume and in the delineated 

regions for the OARs, if available, for all the evaluated shot sequences. Additionally, 

the effect of incomplete repair was considered in the BED calculations by using three 

different repair models. The three repair models analyzed in this work were: mono-

exponential repair model (RME), reciprocal repair model (RRR) and bi-exponential repair 

model (RBE) 89. Thus, BED considering incomplete repair was then calculated as 

follows:  

 

 BED = D [1 +
1

D (
α
β

)
∑ ∑ didjR(|𝑆𝑖 − 𝑆𝑗|)

N

j=1

N

i=1

] (6) 

 

 RME(t) = exp (−
t

τ
) (7) 

 

 RRR(t) =
1

1 + t
τ⁄
 (8) 

 

 RBE(t) = ε ∙ exp (−
t

τ1
) + (1 − ε) ∙ exp (−

t

τ2
) (9) 

 

 

where D is the total absorbed dose, N is the number of shots, di is the fractional dose 

(i.e. dose contribution) produced by the i-th shot (i = 1….N), dj is the fractional dose 

produced by the j-th shot (j = 1….N), α/β is the tissue-specific radiosensitivity, Si is the 

starting time of the i-th shot and Sj is the starting time of the j-th shot. For the mono-

exponential repair model (Eq. 7), and the reciprocal repair model (Eq. 8), τ is the repair 
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halftime while for the bi-exponential repair model (Eq. 9) τ1 and τ2 are the fast and 

slow repair halftimes, respectively. The epsilon (ɛ) in Eq. 9 is the partition coefficient 

between the fast and the slow repair components (with 0<ɛ<1). The term |𝑆𝑖 − 𝑆𝑗| (i.e. 

time difference between shots) in Eq. 6 corresponds to t in equations (7, 8 and 9).  

 

For a very fast repair with equal dose contribution from all shots, the repair term R 

becomes the unity for j=i and zero otherwise. Thus, the double sum component in Eq. 

6 becomes equal to Nd2, and Eq. 6 becomes Eq. 10, which is the BED equation usually 

applied for fractionated external beam radiotherapy (EBRT). 

 

 𝐵𝐸𝐷 = 𝑁𝑑 (1 +
𝑑

𝛼
𝛽⁄

) (10) 

 

On the other hand, for a very slow repair and equal dose contribution from each shot, 

R becomes 1 for all values of i and j. Hence, the double sum component in Eq. 6 

becomes equal to N2d2, and Eq. 6 becomes Eq. 11, which is equivalent to the BED 

equation for a single fraction treatment in EBRT (replacing Nd by D): 

 

 𝐵𝐸𝐷 = 𝑁𝑑 (1 +
𝑁𝑑
𝛼

𝛽⁄
) (11) 

 

To obtain optimal tumor control probability and avoid necrosis, in EBRT it is traditionally 

intended that the dose distribution in the target volume is as uniform as possible, 

avoiding cold spots (i.e. regions with less than 95% prescribed dose) and hot spots 

(i.e. regions with more than 107% prescribed dose) 90. However, in Gamma Knife 

radiosurgery the dose distribution is not homogeneous due to the effect of the 

cumulative dose from each shot in every voxel. Thus, the target volume is divided into 

N sub-volumes (N = number of voxels in the target region) to account for the non-

uniform dose distribution in the calculation of the BED. The dose distribution within 

each voxel was assumed uniform to calculate the BED for each voxel.  Subsequently, 

the overall biologically effective dose (oBED), which determines an effective BED for 

inhomogeneous dose distributions, was used to calculate the effective biological dose 

in the entire target volume and in the OARs 91. The oBED was calculated as follows 91: 

 

 𝑜𝐵𝐸𝐷 = −
1

𝛼
∙ 𝑙𝑛 [

1

𝑁
∑ 𝑒𝑥𝑝(−𝛼. 𝐵𝐸𝐷𝑖)

𝑁

𝑖=1

] (12) 

 

where 𝛼 is the linear parameter in the LQ model, N is the number of voxels in the region 

of interest (target volume or OAR), and BEDi is the BED for each voxel calculated with 

Eq. 6 with each of the analyzed repair models (Eq. 7, Eq. 8 and Eq. 9).  
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The radiobiological parameters used for the calculation of BED for each voxel for the 

oBED calculation are shown in Table 2, Table 3 and Table 4. 

 

Table 2 Radiobiological parameters used in the BED calculations with a mono-
exponential repair model 18,92. 

Parameter Tumor Normal tissue 

α/β (Gy) 10 2.47 

α (Gy-1) 0.06 0.07 

Repair halftime (h) 0.5 1.5 

 
 

Table 3 Radiobiological parameters used in the BED calculations with a reciprocal 
repair model 18,92,93. 

Parameter Tumor Normal tissue 

α/β (Gy) 10 2.47 

α (Gy-1) 0.06 0.07 

Repair halftime (h) 0.5 2.8 

 
 

Table 4 Radiobiological parameters used in the BED calculations with a bi-exponential 
repair model 18. 

Parameter Tumor Normal tissue 

α/β (Gy) 8.31 2.47 

α (Gy-1) 0.241 0.07 

β (Gy-2) 0.029 0.03 

Fast repair halftime (h) 0.13 0.19 

Slow repair halftime (h) 1.34 2.16 

Partition coefficient (ɛ) 0.20 0.98 

 

3.4 Selection of the optimal shot sequence 

For patients whom OARs were delineated, the shot sequence leading to the highest 

therapeutic index (i.e. the ratio between the target oBED and the oBED for the dose-

limiting organ) was selected as the optimal shot sequence while for patients with no 

defined OARs, the shot sequence leading to the highest target oBED was defined as 

the optimal sequence. For patients with more than one defined OAR, the dose-limiting 

organ was determined by multiplying the therapeutic index (TI) considering each OAR 

by the OAR tolerance absorbed dose TD50/5 (i.e. the absorbed dose which may 

produce a 50 % probability of severe normal tissue complication within 5 years after 
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irradiation) 94. Thus, the organ with the lowest product between the therapeutic index 

and the TD50/5 was selected as the dose-limiting organ. Although the therapeutic 

indices were calculated based on BED values, tolerance absorbed doses (TD50/5) were 

used to determine the dose-limiting organ as tolerance values in terms of BED are 

rarely found in the literature. However, as the BED is directly related to the absorbed 

dose, the method used to determine the dose-limiting organ can be assumed 

acceptable for the purposes of this work. Tolerance absorbed doses (also called dose 

constraints) for OARs relevant in GK radiosurgery are presented in Table 5.  

 

Table 5 Tolerance absorbed doses TD50/5 for OARs relevant in GK radiosurgery. 

Organ Tolerance dose (TD50/5) (Gy) 

Cochlear 95 70 

Trigeminal nerve 96 40 

Inner ear 97 53.6 

Cochlea nerve 96 40 

Brainstem 95 65 

Medulla 95 65 

Chiasma 95 65 

Pituitary gland 97 60.5 

 

 

The relative change in the therapeutic index (or in the target oBED) between the 

optimized sequence and the clinical sequence was used to quantify the improvement 

in the treatment efficacy when the optimized sequence is applied. The relative change 

was calculated as: 

 

 % 𝑐ℎ𝑎𝑛𝑔𝑒 = 100 × (
𝑇𝐼_𝑜𝑝𝑡𝑖𝑚𝑎𝑙_𝑠𝑒𝑞𝑢𝑒𝑛𝑐𝑒 − 𝑇𝐼_𝑐𝑙𝑖𝑛𝑖𝑐𝑎𝑙_𝑠𝑒𝑞𝑢𝑒𝑛𝑐𝑒 

𝑇𝐼_𝑐𝑙𝑖𝑛𝑖𝑐𝑎𝑙_𝑠𝑒𝑞𝑢𝑒𝑛𝑐𝑒 
) (13) 

 
 
The relative change in the target oBED can be also calculated using Eq. 13 by 

replacing the TI values with target oBED values. 

 

In this work, the radiobiological effectiveness of the GK treatment is represented by 

the therapeutic index of each plan (for patients with defined OARs) or by the target 

oBED values (for patients with no OAR defined). Thus, changes either in the 

therapeutic indices or in the target oBED values are referred as changes in the 

radiobiological effectiveness of the GK plan.  

 

3.5 Effect of the decay of the GK sources on the BED 

The dose rate of the GK unit depends on the activity of the 60Co sources (T1/2 = 5.26 

years) and decreases with the decay of the 60Co sources. Therefore, the use of older 

sources (with lower activity) to generate a treatment plan with the same dose 
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deposition per shot as a treatment plan generated with newer sources (with higher 

activity), will produce shots with longer beam-on times and lower dose rates. Thus, to 

compensate for the effect of the dose rate reduction, the beam-on time for each shot 

is doubled when the sources are decayed by one half-life 16. The reduction of the dose 

rate and the longer exposure times may affect the biological effectiveness of the GK 

treatment as the probability of sublethal damage repair increases both in the OARs 

and in the target. Therefore, to analyze the influence of the decay of the GK sources 

on the biological effectiveness in GK radiosurgery, oBED values for the target were 

calculated assuming that the GK sources were decayed by one half-life. To simulate 

the decayed sources conserving the same dose distribution, the dose rates in the 

original treatment plan were halved while the beam-on times were doubled for each 

shot. All other parameters in the treatment plan as well as the radiobiological 

parameters for the oBED calculations remained unchanged. Similarly, as in the 

analysis of the optimal shot sequence, oBED values were calculated using the mono-

exponential repair model, the reciprocal repair model and the bi-exponential repair 

model. Subsequently, the target oBED values for the clinical plans and the target oBED 

values for the plans with the decayed sources were compared using the relative 

change between them as follows: 

 

 % 𝑐ℎ𝑎𝑛𝑔𝑒 = 100 × (
𝑜𝐵𝐸𝐷𝑑𝑒𝑐𝑎𝑦𝑒𝑑 − 𝑜𝐵𝐸𝐷𝑐𝑙𝑖𝑛𝑖𝑐𝑎𝑙

𝑜𝐵𝐸𝐷𝑐𝑙𝑖𝑛𝑖𝑐𝑎𝑙
) (14) 

 

3.6 Statistics 

Descriptive statistics was presented using mean and standard deviation values. 

Minimum and maximum values were used to present ranges, while the median was 

used to show typical values. 
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4 RESULTS  

The results obtained after the performed simulations are divided into three sections 

according to the repair model used for the oBED calculations: mono-exponential repair, 

reciprocal repair and bi-exponential repair. In each of these sections, patients are 

categorised into two sub-groups according to the delineated ROIs in their treatment 

plans. The first sub-group comprises patients with defined OARs (nine patients), while 

the second sub-group comprises patients with no OAR defined (16 patients). For 

patients with defined OARs, the impact of using the optimal shot sequence (i.e. 

sequence with the highest therapeutic index) is presented as changes in the 

therapeutic indices and in the oBED values both for the target and for the dose-limiting 

OAR. Moreover, for patients with no OAR defined, the evaluation was made only 

considering the target oBED values. The clinical sequence is used as a reference in 

the assessment of all the simulated scenarios. The same grouping method is used to 

present the results obtained from the simulations in which the GK sources were 

assumed to be decayed by one half-life when compared to the activity of the sources 

used in the actual clinical plan. 

 

4.1 Therapeutic effect of using the optimal shot sequence and a mono-
exponential repair model 

4.1.1 Patients with defined OARs 

The therapeutic indices (TIs) for the clinical and the optimal sequences for the nine 

patients with defined OARs are shown in Figure 5. These values as well as the relative 

change between them are presented in Table 8 (Appendix). The therapeutic indices 

for the optimal sequences were higher than for the clinical sequences in all patients. 

The TI relative change between both sequences ranged from +0.2% to +10.0% 

(median +3.2%, mean +4.2% ± 3.3%). Patient 7 showed the lowest change (+0.2%), 

while patient 6 showed the highest change (+10%).   
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Figure 5 Therapeutic index values for the clinical and the optimal shot sequences (i.e. 

shot sequence with the highest therapeutic index) for the nine patients with defined 

OARs. The oBED values used to calculate the therapeutic indices were calculated 

using the mono-exponential repair model. The therapeutic indices for the clinical and 

the optimal sequences are shown in black and grey, respectively. 

 
The oBED values for the target and the dose-limiting OAR for the clinical and optimal 

shot sequences for the nine patients with defined OARs are illustrated in Figure 6 and 

also presented in Table 9 (Appendix). For the target, the mean relative change 

between the clinical and the optimal oBED values was +5.7% ± 5.9% (median 4.0%, 

range from -0.2% to +19.7%). The optimal target oBED values were higher than the 

clinical target oBED values for all patients, except for patient 7 (-0.2%). Moreover, for 

the dose-limiting OAR, the mean relative change between the clinical and the optimal 

oBED values was -0.5% ± 2.3% (median 0.0%, range from -4.4% to +2.9%). Five of 

the nine patients presented optimal OAR oBED values higher than the clinical OAR 

oBED values. Patient 5 showed a marginal change (+0.002%) between the clinical and 

the optimal oBED values. 
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Figure 6 Clinical and optimal oBED values for the target and the dose-limiting OAR for 

the nine patients with defined OARs. The optimal sequence was defined as the shot 

sequence producing the highest therapeutic index. The oBED values were calculated 

using the mono-exponential repair model (α/β = 10 Gy for the target and α/β = 2.47 Gy 

for the dose-limiting OAR). For the target, clinical and optimal oBED values are shown 

in black and light grey, respectively. For the dose-limiting OAR, clinical and optimal 

oBED values are shown in white and dark grey, respectively. 

 

4.1.2 Patients with no defined OAR  

Figure 7 shows the comparison of the target oBED values between the clinical and 

the optimal sequences for 16 patients with no OAR defined. The target oBED values 

for the clinical sequences and the optimal sequences as well as the relative changes 

between them are summarized in Table 10 (Appendix). The target oBED values for 

the optimal sequences were higher than those for the clinical sequences for all the 

patients. The relative change between the clinical and the optimal sequences were 

within +1.6% and +12.1% (median +3.9%, mean +4.3% ± 2.6%). The lowest and 

highest changes were observed for patient 25 (+1.6%) and patient 12 (+12.1%), 

respectively. 
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Figure 7 Target oBED values for the clinical and the optimal sequences for 16 patients 

with no OAR defined. The oBED values were calculated using the mono-exponential 

repair model and an α/β ratio of 10 Gy. Target oBED values for the clinical and the 

optimal sequences are shown in black and grey, respectively. 

 

4.2 Therapeutic effect of using the optimal shot sequence and a reciprocal 
repair model 

4.2.1 Patients with defined OARs  

Figure 8 shows the therapeutic indices for the clinical and the optimal sequences for 

patients with defined OARs. These values are also including the relative change 

between them are summarized in Table 11 (Appendix). The therapeutic indices for the 

optimal sequences were higher than for the clinical sequences in all patients. The 

relative change in the TI between both sequences varied from +0.4% to +4.9% (median 

+2.3%, mean +2.6% ± 1.7%). Patient 7 showed the lowest change (+0.4%) while 

patient 8 showed the highest change (+4.9%).  
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Figure 8 Therapeutic index values for the clinical shot sequence and the shot 

sequence with the highest therapeutic index (i.e. optimal shot sequence) for the nine 

patients with defined OARs. The oBED values used to calculate the therapeutic indices 

were calculated using the reciprocal repair model. The therapeutic indices for the 

clinical and the optimal sequences are shown in black and grey, respectively. 

 

Figure 9 illustrates the oBED values for the target and the dose-limiting OAR for the 

clinical and optimal shot sequences for patients with defined OARs. These values are 

also presented in Table 12 (Appendix). For the target, the mean relative change 

between the clinical and the optimal oBED values was +2.7% ± 1.7% (median 2.5%, 

range from +0.5% to +6.0%). The optimal target oBED values were higher than the 

clinical target oBED values for all patients. Additionally, the mean relative change 

between the clinical and the optimal oBED values for the dose-limiting OAR was 0.1% 

± 1.2% (median 0.3%, range from -2.6 % to +1.6 %). The optimal OAR oBED values 

(i.e. oBED values for the dose-limiting OAR using the optimal shot sequence) were 

higher than the clinical OAR oBED values for all patients except for patient 4 (-0.4%) 

and patient 8 (-2.6%). 
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Figure 9 Clinical and optimal oBED values for the target and the dose-limiting OAR for 

the nine patients with defined OARs. The optimal sequence was defined as the shot 

sequence leading to the highest therapeutic index. The oBED values were calculated 

using the reciprocal repair model (α/β = 10 Gy for the target, and α/β = 2.47 Gy for the 

dose-limiting OAR). For the target, clinical and optimal oBED values are shown in black 

and light grey, respectively. For the dose-limiting OAR, clinical and optimal oBED 

values are shown in white and dark grey, respectively. 

 

4.2.2 Patients with no defined OAR  

Figure 10 shows the comparison of the target oBED values between the clinical and 

the optimal sequences for the patients without a defined OAR. The target oBED values 

for the clinical and the optimal sequences and the relative changes between them are 

presented in Table 13 (Appendix). The target oBED values for the optimal sequences 

were higher than those for the clinical sequences for all the patients. The relative 

change between the target oBED values for the clinical and the optimal sequences 

varied within +1.0% and +8.4% (median +2.7%, mean +3.0% ± 1.8%). The lowest and 

highest changes were observed for patient 25 (+1.0%) and patient 12 (+8.4%), 

respectively. 
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Figure 10 Target oBED values for the clinical and the optimal sequences for the 16 

patients without a defined OAR. The oBED values were calculated using the reciprocal 

repair model and an α/β ratio of 10 Gy. Target oBED values for the clinical and the 

optimal sequences are shown in black and grey, respectively. 

 

4.3 Therapeutic effect of using the optimal shot sequence and a bi-exponential 
repair model 

4.3.1 Patients with defined OARs  

The therapeutic indices for the clinical and the optimal sequences for the nine patients 

with defined OARs are presented in Figure 11 as well as in Table 14 (Appendix) which 

also includes the relative change between them. The TIs for the optimal sequences 

were higher than for the clinical sequences in all patients. The TI relative change 

between both sequences ranged from +0.7% to +7.7% (median +3.1%, mean +3.5% 

± 2.7%). Patient 1 presented the lowest change (+0.7%) and patient 4 showed the 

highest change (+7.7%).   
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Figure 11 Therapeutic indices for the clinical and the optimal shot sequences (i.e. shot 

sequence with the highest therapeutic index) for the nine patients with defined OARs. 

The oBED values used to calculate the therapeutic indices were calculated using the 

bi-exponential repair model. The therapeutic indices for the clinical and the optimal 

sequences are shown in black and grey, respectively. 

 

The oBED values for the target and the dose-limiting OAR for the clinical and optimal 

shot sequences for patients with defined OARs are illustrated in Figure 12 and also 

presented in Table 15 (Appendix). For the target, the mean relative change between 

the clinical and the optimal oBED values was +0.3% ± 1.6% (median +0.6%, range 

from -2.0% to +2.5 %). Four of nine patients showed optimal target oBED values lower 

than the clinical target oBED values. Moreover, for the dose-limiting OAR, the mean 

relative change between the clinical and the optimal oBED values was -3.0% ± 2.4% 

(median -3.1%, range from -8.0% to -0.3%). All nine patients showed optimal OAR 

oBED values lower than the clinical OAR oBED values. 
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Figure 12 Clinical and optimal oBED values for the target and the dose-limiting OAR 

for the nine patients with defined OARs. The optimal sequence was defined as the shot 

sequence yielding the highest therapeutic index. The oBED values were calculated 

using the bi-exponential repair model (α/β = 8.31 Gy for the target, and α/β = 2.47 Gy 

for the dose-limiting OAR). For the target, clinical and optimal oBED values are shown 

in black and light grey, respectively. For the dose-limiting OAR, clinical and optimal 

oBED values are shown in white and dark grey, respectively. 

 

4.3.2 Patients with no defined OAR  

The target oBED values for the clinical and the optimal sequences for the 16 patients 

without a defined OAR can be observed in Figure 13. The target oBED values for the 

clinical sequences and the optimal sequences and the relative changes between them 

are shown in Table 16 (Appendix). The target oBED values for the optimal sequences 

were higher than the target oBED values for the clinical sequences for all the patients. 

The relative change between the clinical and the optimal sequences ranged from 

+0.6% to +11.0% (median +2.5%, mean +2.9% ± 2.4%). The lowest and the highest 

changes were observed for patient 22 (+0.6%) and patient 12 (+11.0%), respectively. 
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Figure 13 Target oBED values for the clinical and the optimal sequences for the 16 

patients with no OAR defined. The oBED values were calculated using the bi-

exponential repair model and an α/β ratio of 8.31 Gy. Target oBED values for the 

clinical and the optimal sequences are shown in black and grey, respectively. 

 

4.4 Therapeutic effect of using decayed Gamma Knife sources and a mono-
exponential repair model 

4.4.1 Patients with defined OARs  

The TIs for the clinical and the optimal sequences for the nine patients with defined 

OARs are presented in Figure 14. These values, as well as the relative change 

between them, are presented in Table 17 (Appendix). The TIs for the optimal 

sequences were higher than for the clinical sequences in all patients. The relative 

change in the TI between both sequences ranged from +0.6% to +11.8% (median 

+4.3%, mean +4.8% ± 3.4%). Patient 7 showed the lowest change (+0.6%), while 

patient 6 showed the highest change (+11.8%).   
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Figure 14 Therapeutic index (TI) values for the clinical and the optimal shot sequences 

(i.e. shot sequence with the highest TI) for the nine patients with defined OARs. The 

oBED values used to calculate the TIs were calculated using the mono-exponential 

repair model while considering the effect of source decay after one half-life. The TIs 

for the clinical and the optimal sequences are shown in black and grey, respectively. 

 

Figure 15 shows the oBED values for the target and the dose-limiting OAR for the 

clinical and optimal shot sequences for the nine patients with defined OARs. These 

results are also presented in Table 18 (Appendix). For the target, the mean relative 

change between the clinical and the optimal oBED values was +3.9% ± 3.2% (median 

+3.4%, range from +0.6% to +11.2%). Moreover, for the dose-limiting OAR, the mean 

relative change between the clinical and the optimal oBED values was -0.8% ± 3.2% 

(median -0.5%, range from -6.5% to +4.9%). For the target, patients 8 and patient 2 

showed the lowest (+0.6%) and highest (+11.2%) oBED relative change, respectively. 

For the dose-limiting OAR, patients 6 and patient 2 showed the highest decrease (-

6.5%) and highest increase (+4.9%) in oBED value, respectively. 
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Figure 15 Clinical and optimal oBED values for the target and the dose-limiting OAR 

for the nine patients with defined OARs. The optimal sequence was defined as the shot 

sequence producing the highest therapeutic index. The oBED values were calculated 

using the mono-exponential repair model (α/β = 10 Gy for the target, and α/β = 2.47 

Gy for the dose-limiting OAR) while considering the effect of source decay after one 

half-life. The clinical and optimal target oBED values are shown in black and light grey, 

respectively. For the dose-limiting OAR, the clinical and optimal oBED values are 

shown in white and dark grey, respectively. 

 

4.4.2 Patients with no defined OAR 

 

Figure 16 illustrates the comparison of the target oBED values between the clinical 

and the optimal sequences for patients with no OAR defined. The target oBED values 

for the clinical sequences and the optimal sequences, as well as the relative changes 

between them, are presented in Table 19 (Appendix). The target oBED values for the 

optimal sequences were higher than those for the clinical sequences for all the 

patients. The relative change between the clinical and the optimal sequences ranged 

from +1.8% to +10.1% (median +5.1%, mean +5.2% ± 2.4%). The lowest and highest 

changes were observed for patient 25 (+1.8%) and patient 12 (+10.1%), respectively. 
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Figure 16 Target oBED values for the clinical and the optimal sequences for the16 

patients without a defined OAR. The oBED values were calculated using the mono-

exponential repair model and an α/β ratio of 10 Gy while considering the effect of 

source decay after one half-life. Target oBED values for the clinical and the optimal 

sequences are shown in black and grey, respectively. 

 

4.5 Therapeutic effect of using decayed Gamma Knife sources and a reciprocal 
repair model 

4.5.1 Patients with defined OARs  

Figure 17 presents the TIs for the clinical and the optimal sequences for patients with 

defined OARs. These values together with the relative change between them are 

shown in Table 20 (Appendix). The therapeutic indices for the optimal sequences were 

higher than for the clinical sequences in all patients. The TI relative change between 

both sequences varied from +0.5% to +7.3% (median +2.9%, mean +3.3% ± 2.1%). 

Patient 7 showed the lowest relative change (+0.5%), while patient 6 showed the 

highest relative change (+7.3%).   
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Figure 17 Therapeutic index (TI) values for the clinical and the optimal shot sequences 

(i.e. shot sequence with the highest TI) for the nine patients with defined OARs. The 

oBED values used to calculate the TIs were calculated using the reciprocal repair 

model while considering the effect of source decay after one half-life. The TIs for the 

clinical and the optimal sequences are shown in black and grey, respectively. 

 

The oBED values for the target and the dose-limiting OAR for the clinical and optimal 

shot sequences for the nine patients with defined OARs are shown in Figure 18  and 

also presented in Table 21 (Appendix). For the target, the mean relative change 

between the clinical and the optimal oBED values was +3.2% ± 2.1% (median +2.2%, 

range from +0.7% to +7.6%). The optimal target oBED values were higher than the 

clinical target oBED values for all patients. In addition, for the dose-limiting OAR, the 

mean relative change between the clinical and the optimal oBED values was -0.2% ± 

1.8% (median 0.2%, range from -3.3% to +2.8%). Six of the nine patients presented 

optimal OAR oBED values that were higher than the clinical OAR oBED values.  
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Figure 18 Clinical and optimal oBED values for the target and the dose-limiting OAR 

for the nine patients with defined OARs. The optimal sequence was defined as the shot 

sequence producing the highest TI. The oBED values were calculated using the 

reciprocal repair model (α/β = 10 Gy for the target, and α/β = 2.47 Gy for the dose-

limiting OAR) model while considering the effect of source decay after one half-life. For 

the target, clinical and optimal oBED values are shown in black and light grey, 

respectively. For the dose-limiting OAR, clinical and optimal oBED values are shown 

in white and dark grey, respectively. 

 

4.5.2 Patients with no defined OAR 

Figure 19 shows the comparison of the target oBED values between the clinical and 

the optimal sequences for the 16 patients without a defined OAR. The target oBED 

values for the clinical sequences and the optimal sequences together with the relative 

changes between them are summarized in Table 22 (Appendix). The target oBED 

values for the optimal sequences were higher than those for the clinical sequences for 

all the patients. The relative change between the clinical and the optimal sequences 

varied between +1.1% and +8.4% (median +3.3%, mean +3.5% ± 1.9%). The lowest 

and highest changes were observed for patient 25 (+1.1%) and patient 12 (+8.4%), 

respectively. 
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Figure 19 Target oBED values for the clinical and the optimal sequences for the 16 

patients with no OAR defined. The oBED values were calculated using the reciprocal 

repair model and an α/β ratio of 10 Gy while considering the effect of source decay 

after one half-life. Target oBED values for the clinical and the optimal sequences are 

shown in black and grey, respectively. 

 

4.6 Therapeutic effect of using decayed Gamma Knife sources and a bi-
exponential repair model 

4.6.1 Patients with OAR defined 

The TIs for the clinical and the optimal sequences for the nine patients with defined 

OARs are shown in Figure 20. These values, as well as the relative change between 

them, are presented in Table 23 (Appendix). The TIs for the optimal sequences were 

higher than for the clinical sequences in all patients. The TI relative change between 

both sequences ranged from +0.1% to +5.8% (median +2.9%, mean +2.8% ± 2.0%). 

Patient 9 showed the lowest change (+0.1%), while patient 4 showed the highest 

change (+5.8%).   
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Figure 20 Therapeutic index (TI) values for the clinical and the optimal shot sequences 

(i.e. shot sequence with the highest TI) for the nine patients with defined OAR. The 

oBED values used to calculate the therapeutic indices were calculated using the bi-

exponential repair model while considering the effect of source decay after one half-

life. The TIs for the clinical and the optimal sequences are shown in black and grey, 

respectively. 

 

The oBED values for the target and the dose-limiting OAR for the clinical and optimal 

shot sequences for the nine patients with defined OARs are illustrated in Figure 21 

and also presented in Table 24 (Appendix). For the target, the mean relative change 

between the clinical and the optimal oBED values was +1.2% ± 1.6% (median +1.1%, 

range from -1.5% to +4.2%).  For patient 4 (-1.5%) and patient 7 (-0.4%), the optimal 

oBED value was lower than the clinical oBED value. For the dose-limiting OAR, the 

mean relative change between the clinical and the optimal oBED values was -1.5% ± 

2.5% (median -1.2%, range from -7.0% to +1.2%). Patient 1 (+0.1%), patient 8 

(+0.7%), and patient 9 (+1.2%) showed higher optimal oBED values than the clinical 

oBED values.  
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Figure 21 Clinical and optimal oBED values for the target and the dose-limiting OAR 

for the nine patients with defined OAR. The optimal sequence was defined as the shot 

sequence producing the highest TI. The oBED values were calculated using the bi-

exponential repair model (α/β = 8.31 Gy for the target, and α/β = 2.47 Gy for the dose-

limiting OAR) while considering the effect of source decay after one half-life. For the 

target, clinical and optimal oBED values are shown in black and light grey, respectively. 

For the dose-limiting OAR, clinical and optimal oBED values are shown in white and 

dark grey, respectively. 

 

4.6.2 Patients with no defined OAR 

Figure 22 illustrates the comparison of the target oBED values between the clinical 

and the optimal sequences for the 16 patients with no OAR defined. The target oBED 

values for the clinical and optimal sequences, as well as the relative changes between 

them, are presented in Table 25 (Appendix). The target oBED values for the optimal 

sequences were higher than those for the clinical sequences for all patients. The 

relative change between the clinical and the optimal sequences ranged from +0.9% to 

+9.1% (median +2.7%, mean +3.4% ± 2.1%). The lowest and highest changes were 

observed for patient 22 (+0.9%) and patient 12 (+9.1%), respectively. 

 

 

 

 

 



 

 42 

 
 

Figure 22 Target oBED values for the clinical and the optimal sequences for the 16 

patients with no OAR defined. The oBED values were calculated using the bi-

exponential repair model and an α/β ratio of 8.31 Gy while considering the effect of 

source decay after one half-life. Target oBED values for the clinical and the optimal 

sequences are shown in black and grey, respectively. 
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5 DISCUSSION 

The present study evaluated the impact of changing the shot sequence for the same 

absorbed dose distribution on the radiobiological response for 25 patients with 

malignant and benign brain tumors treated with Gamma Knife radiosurgery. The 

patients were categorized into two groups: patients with defined OARs and patients 

with no OAR defined. Because of the inhomogeneous dose distribution in GK 

radiosurgery, the overall biologically effective dose (oBED) 91 was used to represent 

the radiobiological effect both in the targets and in the OARs. The oBED values for the 

targets and the OARs were calculated with three different repair models 89 (mono-

exponential, reciprocal and bi-exponential). The shot sequence was the only 

parameter changed compared to the clinical plans. Additionally, the effect of the 

physical decay of the GK sources on the biological effectiveness of the treatments was 

evaluated by simulating plans with GK sources decayed after one half-life (5.26 years 

for 60Co). 

 

The results of this study showed that there is an optimal shot sequence, which differs 

from the clinical shot sequence (Table 26, Appendix) and which allows improvement 

in the biological effect in GK radiosurgery. The improvement in the treatment biological 

effectiveness can be defined as a higher therapeutic index or as a higher target oBED. 

A higher therapeutic index allows higher target oBED values for the same OAR oBED 

or lower OAR oBED values for the same target oBED. How to optimize a plan using 

biologically effective doses (such as the oBED) depends on the case-by-case analysis 

by the treating physician. 

 

Table 6 shows the improvement in the biological effect achieved by applying an 

optimal shot sequence, when compared to the clinical shot sequence, for multiple 

repair models both when using GK sources with the clinical activity (non-decayed) and 

when GK sources decayed after one half-life (decayed) were considered.  

 

As observed in Table 6, when using non-decayed GK sources, the mean improvement 

in the biological effect (considering both improvement in the therapeutic indices and in 

the target oBED values) was 4.3% ± 2.7% (median 3.8%, range from 0.2% to 12.1%), 

2.9 ± 1.7% (median 2.7%, range from 0.4% to 8.4%) and 3.1% ± 2.4% (median 2.6%, 

range from 0.6% to 11.0%) for the mono-exponential, reciprocal and bi-exponential 

repair models, respectively. When using decayed GK sources, the mean improvement 

in the biological effect was 5.0% ± 2.7% (median 5.0%, range from 0.6% to 11.8%), 

3.4% ± 1.9% (median 3.2%, range from 0.5% to 8.4%) and 3.2% ± 2.0% (median 2.9%, 

range from 0.1% to 9.1%) for the mono-exponential, reciprocal and bi-exponential 

repair models, respectively. Patient 12 (meningioma, target of 0.27 cc, 16 Gy 

prescribed at the 50% isodose line, 7 shots, no OAR defined) showed the highest 

treatment improvement overall. However, this patient does not show any extreme 

parameter for dose, target volume or number of shots, which indicates that a 

combination of multiple factors (including the shape of the target and its proximity to 
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the OARs) needs to be individually analyzed to determine the potential improvement 

in the treatment radiobiological effect. 

 

Table 6 Improvement in the treatment radiobiological effectiveness by using an optimal 

shot sequence compared to the clinical shot sequence. The improvement in the 

biological effect was measured using three repair models: mono-exponential, 

reciprocal and bi-exponential. The analysis was performed for GK sources with the 

same activity as in the clinical plan (i.e. non-decayed) and for simulated GK sources 

decayed after one half-life (i.e. decayed). Values are given as the relative change (%) 

in the therapeutic index or in the target oBED between the optimal and the clinical shot 

sequences. 

Patient ID 

Repair model 

Mono-exponential Reciprocal Bi-exponential 

Non-decayed  Decayed Non-decayed Decayed Non-decayed Decayed 
*Pt 1 +1.3 +2.0 +1.1 +1.4 +0.7 +0.8 
*Pt 2 +5.5 +5.9 +4.5 +4.7 +2.1 +1.4 
*Pt 3 +3.2 +4.3 +2.3 +2.9 +4.3 +2.9 
*Pt 4 +2.2 +3.7 +1.3 +2.3 +7.7 +5.8 
*Pt 5 +5.8 +7.7 +3.9 +4.0 +5.4 +3.5 
*Pt 6 +10.0 +11.8 +3.8 +7.3 +6.9 +5.1 
*Pt 7 +0.2 +0.6 +0.4 +0.5 +1.1 +1.4 
*Pt 8 +7.7 +5.0 +4.9 +5.0 +3.1 +3.9 
*Pt 9 +1.9 +2.5 +1.5 +1.8 +0.8 +0.1 
$Pt 10 +2.3 +3.2 +1.7 +2.1 +1.4 +1.8 
$Pt 11 +4.8 +5.9 +3.1 +3.7 +3.2 +2.5 
$Pt 12 +12.1 +10.1 +8.4 +8.4 +11.0 +9.1 
$Pt 13 +2.4 +2.3 +1.6 +1.6 +2.1 +2.9 
$Pt 14 +5.7 +7.4 +4.0 +4.9 +4.2 +5.7 
$Pt 15 +5.3 +8.6 +4.1 +5.8 +3.1 +4.3 
$Pt 16 +4.1 +6.3 +3.1 +4.3 +3.5 +4.8 
$Pt 17 +6.2 +5.5 +4.0 +4.1 +3.8 +5.0 
$Pt 18 +2.6 +3.6 +1.8 +2.2 +1.7 +2.3 
$Pt 19 +3.8 +5.2 +2.7 +3.3 +2.4 +3.2 
$Pt 20 +2.9 +4.4 +2.1 +2.8 +1.1 +1.5 
$Pt 21 +2.2 +2.5 +1.1 +1.7 +2.6 +2.5 
$Pt 22 +2.4 +3.2 +1.7 +2.1 +0.6 +0.9 
$Pt 23 +6.3 +7.2 +4.3 +4.9 +2.8 +3.9 
$Pt 24 +4.5 +5.0 +2.8 +3.2 +1.5 +1.9 
$Pt 25 +1.6 +1.8 +1.0 +1.1 +1.1 +1.5 
* Improvement calculated as the relative change in the therapeutic index 
$ Improvement calculated as the relative change in the target oBED 

 

The mean improvement calculated with the therapeutic index (nine patients) was 

smaller than the mean improvement calculated with the target oBED (16 patients) for 

all the simulated scenarios, except when using a bi-exponential repair model with non-
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decayed GK sources. This can be generally explained by the fact that the target oBED 

optimization does not consider the restriction imposed by the oBED in the OARs. Thus, 

optimization considering the therapeutic index may produce better treatment 

characteristics than simply optimizing the target biological effect. Furthermore, the 

mean improvement achieved for the decayed GK sources was larger than the mean 

improvement for the non-decayed sources for all the evaluated repair models. This 

demonstrates that in longer GK treatments (with lower dose rates) there is a higher 

probability of biological repair, and therefore, the effect of biologically-based 

optimization is higher. Additionally, it could have been expected that plans with more 

shots would allow bigger improvements in the biological effect of the treatment, as 

many more shot combinations can be achieved. However, there was no correlation 

between the number of shots and the percentage of improvement as other factors such 

as the prescribed dose, the prescription isodose line and the heterogeneity of the dose 

distribution are also of high relevance to define the achievable improvement in the 

biological effect.   

 

The improvement results obtained in this thesis are in line with previous studies 7,18. 

Ma et al. showed a variation in the single equivalent uniform dose (sEUD) (another 

dose representation of the radiobiological effect) of less than 4% between the clinical 

sequences and sequences that produced maximum sEUD values for the target 7. 

Additionally, Andisheh et al. showed that the brain BED was reduced between 2% and 

8% in GK radiosurgery when applying a more complex algorithm to optimize the 

therapeutic index 18. The algorithm applied by Andisheh et al. used a bi-exponential 

repair model and included variation not only of the shot sequence but also of the dose 

rates and the dose fractions, while conserving the total absorbed dose for the target 
18. In this thesis, the reduction in the OAR oBED for the optimal shot sequences 

determined by the highest therapeutic index using a bi-exponential repair model varied 

from 0.3% to 8.0% (median 3.1%, mean 3.0% ± 2.2%).  

 

Table 7 shows the relative change in the treatment effectiveness for the clinical plan 

when decayed GK sources are used (decayed after one half-life). Treatment 

effectiveness was calculated with the therapeutic index (nine patients) or with the 

target oBED (16 patients). 

 

In Table 7, the change in the effectiveness for the clinical plan with decayed GK 

sources differs significantly when calculated with the therapeutic index or with the 

target oBED. Therefore, separate analyses need to be carried out. When using 

decayed GK sources, the therapeutic index (nine patients) decreased 5.4% ± 5.1% 

(median 5.0%, range from decrease of 17.6% to increase of 1.1%), decreased 3.7% ± 

1.9% (median 4.2%, range from 1.4% to 7.9%) and increased 3.8% ± 5.6% (median 

2.3%, range from decrease of 3.1% to increase of 16.2%) for the mono-exponential, 

reciprocal and bi-exponential repair models, respectively. For the mono-exponential 

and the reciprocal repair models, it was observed a higher increase in the repair of 

sublethal damage in the target than in the dose-limiting OAR (except for patient 8, 

mono-exponential model), leading to a general decrease in the therapeutic indices for 
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clinical plans with decayed GK sources. For patient 8, the increase in the therapeutic 

index when using decayed sources for the mono-exponential model could be produced 

by a low probability of repair in the target because of the high prescribed dose (25 Gy, 

highest dose among all the 25 patients) while repair was still possible in the dose-

limiting OAR, which received a much lower dose (less than 2 Gy2.47). On the other hand, 

it can be observed how the bi-exponential model favors repair in structures with lower 

doses (such as the OARs) compared to structures receiving high doses (such as the 

targets) for lower dose rates (obtained with decayed GK sources). This led to the 

general increase in the therapeutic indices observed for the bi-exponential model with 

decayed sources (except for patients 2 and 8).  

 
Table 7 Relative change in the treatment effectiveness for the clinical plan when the 

activity of the sources is decayed after one half-life. Values are given as the relative 

change (%) in the therapeutic index or in the target oBED. 

Patient ID 
Repair models 

Mono-exponential Reciprocal Bi-exponential 
*Pt 1 -4.8 -4.2 5.8 
*Pt 2 -5.0 -4.4 -1.3 
*Pt 3 -5.0 -4.6 6.7 
*Pt 4 -5.3 -4.4 7.3 
*Pt 5 0.0 -2.0 16.2 
*Pt 6 -8.0 -7.9 0.0 
*Pt 7 -17.6 -1.7 2.3 
*Pt 8 1.1 -1.4 -3.1 
*Pt 9 -3.7 -2.9 0.5 
$Pt 10 -10.4 -7.0 -4.4 
$Pt 11 -11.5 -7.5 -6.7 
$Pt 12 -7.8 -6.7 -9.7 
$Pt 13 -10.7 -7.4 -6.9 
$Pt 14 -10.8 -7.1 -4.9 
$Pt 15 -8.2 -5.6 -3.8 
$Pt 16 -10.3 -7.2 -5.1 
$Pt 17 -7.6 -5.1 -4.1 
$Pt 18 -8.4 -5.5 -3.8 
$Pt 19 -6.5 -4.3 -2.8 
$Pt 20 -10.2 -6.9 -4.2 
$Pt 21 -10.3 -7.2 -3.8 
$Pt 22 -9.1 -6.4 -4.4 
$Pt 23 -10.1 -7.2 -5.8 
$Pt 24 -9.7 -6.9 -4.5 
$Pt 25 -12.6 -8.5 -6.6 
* Improvement calculated as the relative difference in the therapeutic index 
$ Improvement calculated as the relative difference in the target oBED 

 

For patients with no defined OAR, the target oBED decreased for all the patients and 

repair models when using GK sources decayed after one half-life (Table 7). Thus, 



 

 47 

decreases in the target oBED of 9.6% ± 1.5% (median 10.15%, range from 6.5% to 

12.6%),  6.7% ± 1.0% (median 7.0%, range from 4.3% to 8.5%) and of 5.1% ± 1.6% 

(median 4.5%, range from 2.8% to 9.7%) were observed when using decayed sources 

for the mono-exponential, reciprocal and bi-exponential repair models, respectively. 

Lower target oBED values were expected for decayed GK sources as lower dose rates 

increase the probability of sublethal repair, thus producing a lower radiobiological effect 

(and lower oBED values). However, the clinical impact of lower dose rates in GK 

radiosurgery seems to be moderate, as no significant changes in the clinical treatment 

outcome have been found 98,99 while an increase in disease-related symptoms 98 but 

also a decrease in side effects (produced by radiation-induced damage to the OARs) 
99 have been reported for lower dose rates. Nevertheless, the effect of different dose 

rates in GK radiosurgery is difficult to assess in clinical practice, as patients usually 

receive adjuvant systemic treatment (e.g. chemotherapy), which influences the 

biological response to the GK radiosurgery treatment 99. Hence, the clinical evaluation 

of radiation-induced toxicities becomes highly complex 99.  

 

The decrease in the target oBED values obtained in this thesis is in line with previous 

studies which also analyzed the effect of decayed GK sources after one half-life 100, 

Howell et al. showed a reduction in the target BED of approximately 11% for GK 

sources after one half-life decay (GK Perfexion®, 1 patient, prescribed dose of 13.03 

Gy, 12 shots, 26 min clinical plan) 100. The GK Perfexion® used by Hopewell et al. has 

a similar treatment delivery technique as the GK Icon™ (used in this study), which 

allows a fair comparison. The use of a different Gamma Knife model (such as models 

B or C) would significantly affect the BED values because of the much longer treatment 

times. 

 

Overall, oBED values calculated with the mono-exponential and the reciprocal repair 

models were similar among them while oBED values calculated with the bi-exponential 

model were considerably smaller than values obtained with the other two repair models 

(Table 8, Table 9, Table 11, Table 12, Table 14, and Table 15). Additionally, in 23 out 

of 25 patients (except for patients 2 and 7), the optimal sequence calculated with the 

mono-exponential model was equal to the optimal sequence obtained with the 

reciprocal model (Table 26, Appendix). On the other hand, the optimal shot sequence 

attained with the bi-exponential model was different to the optimal sequence obtained 

with the mono-exponential and the reciprocal models for all patients, except for 

patients 17, 20, 21, and 24 for whom the optimal sequence was the same with the 

three evaluated repair models. The use of a model with two different repair half-lives 

(fast and slow repair components) and different radiobiological parameters (especially 

a smaller α/β ratio) may have produced smaller oBED values for the bi-exponential 

model. In addition, the effect of the variations in the dose rate over time produced by 

the change of the shot sequence differed for the bi-exponential model, compared to 

the mono-exponential and the reciprocal models.  However, Hopewell et al. 100 stated 

that the bi-exponential is the best repair model to describe sublethal damage 

(especially for healthy brain tissue) as repair models that do not consider a fast repair 

component (such as the mono-exponential model) could considerably underestimate 



 

 48 

the importance of the short time between shots in GK radiosurgery, which is 

approximately of 0.1 min for the Gamma Knife® Icon™. For the reciprocal model, the 

use of a variable effective half-life (varying with time) may compensate for the lack of 

a fast repair component and, therefore, may produce more accurate results than the 

mono-exponential model, as shown by Fowler 93. Additionally, it is important to 

consider the beam-off times (zero dose rate) between each shot for the oBED 

calculations (as done in this thesis), as considerable fast repair may occur during these 

periods. Moreover, it is essential to include any time gaps or interruptions (e.g. due to 

patient movement or discomfort) that may happen during the treatment, as shown by 

Putora et al. 101. For fractionated GK radiosurgery, the time between fractions is also 

of great importance to determine the total biological effect as total repair can be 

achieved between 15 h and 24 h for most tissues 100. 

 

Additional limitations in the oBED calculations in this thesis are the large uncertainty in 

the model parameters for the three evaluated repair models (as some parameters are 

derived from animal studies) 100 as well as the fact that the same parameters were 

used for all targets and all OARs, without distinguishing for tumor type or for different 

OARs. The use of specific radiobiological parameters for each type or tumor and OAR 

would produce more clinically relevant results. However, accurate radiobiological 

parameters for multiple brain structures and types of brain tumors cannot be found in 

the literature. Moreover, in patients with more than 10 shots (five patients), only 1,000 

random shot combinations were evaluated to determine the best shot sequence, which 

could have produced sub-optimal shot sequences for these patients. 

 

In spite of the differences in the evaluated repair models and the described limitations 

in the study, the improvement in the biological effect achieved with the three evaluated 

repair models was similar for the three evaluated repair models. 
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6 CONCLUSION 

The analyses conducted in this thesis showed that the time pattern of the dose 

deposition is an important determinant of the radiobiological effect in GK radiosurgery, 

both for the target and for the organs at risk. Thus, after exploring all possible shot 

combinations for the same dose distribution, an optimal shot sequence yielding 

maximum radiobiological effectiveness can be determined in GK radiosurgery. The 

optimization of the GK treatment can be defined by the sequence resulting in the 

highest target oBED or by the sequence with the highest therapeutic index. The latter 

is expected to produce better overall treatment characteristics. However, how to 

optimize the GK treatment based on the radiobiological effectiveness is a case-by-

case medical decision. Moreover, the physical decay of the GK sources after one half-

life showed a considerable decrease in the radiobiological effectiveness in the target 

for the same dose distribution. 

 

The three sublethal repair models analyzed in this thesis produced different oBED 

values for the target and the OARs, with the mono-exponential and the reciprocal 

models producing similar results and the bi-exponential model delivering smaller oBED 

values. In addition, the optimal shot sequences obtained with the mono-exponential 

and the reciprocal models were the same for most patients, while the optimal shot 

sequences attained with the bi-exponential model differed from the optimal sequences 

determined by the other evaluated repair models for most patients. However, the 

relative change in the target oBED between the optimal and the clinical sequences 

was comparable for all the three repair models. This same tendency was observed in 

the analysis of decayed GK sources on the radiobiological effect in GK radiosurgery. 
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8 APPENDIX 

8.1 Therapeutic effect of using the optimal shot sequence and a mono-
exponential repair model 

8.1.1 Patients with defined OARs  

Table 8 The therapeutic index values for the clinical sequences and optimal sequences for the 

nine patients with defined OARs. The optimal shot sequence was defined as the sequence 

leading to the highest therapeutic index. The oBED values used to calculate the therapeutic 

indices were calculated using the mono-exponential repair model. 

 Therapeutic index  

Patient Clinical Optimal % change 

1 a 7.96 8.06 +1.3 

2 e 7.62 8.04 +5.5 

3 a 2.19 2.26 +3.2 

4 a 2.27 2.32 +2.2 

5 f 0.52 0.55 +5.8 

6 g 40.09 44.10 +10 

7 c 10.03 10.05 +0.2 

8 h 34.67 37.34 +7.7 

9 c 13.79 14.05 +1.9 
a Cochlea   c Brainstem   e Trigeminal Nerve 

 f Cochlea Nerve    g Medulla    h Pituitary gland 

 
 
Table 9 The oBED values for the clinical sequences and the optimal sequences for the nine 

patients with defined OARs. The optimal shot sequence was defined as the sequence leading 

to the highest therapeutic index. The oBED values for the target and the dose-limiting OAR 

were calculated using the mono-exponential repair model. 

 Target oBED (Gy10) OAR oBED (Gy2.47) 

Patient Clinical Optimal Clinical Optimal 

1 a 33.33 39.91 4.19 4.20 

2 e 26.64 28.88 3.50 3.60 

3 a 28.34 29.47 12.92 13.04 

4 a 35.38 35.94 15.62 15.51 

5 f 29.98 31.63 57.72 57.72 

6 g 44.52 47.38 1.11 1.07 

7 c 14.00 13.97 1.40 1.39 

8 h 62.35 64.32 1.80 1.72 

9 c 48.55 49.68 3.52 3.54 

a Cochlea   c Brainstem    e Trigeminal Nerve 

 f Cochlear Nerve    g Medulla    h Pituitary gland 
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8.1.2 Patients with no defined OAR 

Table 10 Target oBED values for the clinical sequences and the optimal sequences for the 16 

patients with no OAR defined. The optimal shot sequence was defined as the sequence 

leading to the highest target oBED. The target oBED values were calculated using the mono-

exponential repair model. 

 Target oBED (Gy10)  

Patient Clinical Optimal % change 

10 49.83 50.98 +2.3 

11 44.89 47.04 +4.8 

12 42.72 47.91 +12.1 

13 64.27 65.80 +2.4 

14 69.18 73.13 +5.7 

15 51.65 54.41 +5.3 

16 79.28 82.52 +4.1 

17 57.99 61.58 +6.2 

18 64.38 66.06 +2.6 

19 65.5 67.99 +3.8 

20 75.83 78.04 +2.9 

21 25.93 26.49 +2.2 

22 16.09 16.48 +2.4 

23 25.27 26.86 +6.3 

24 24.85 25.97 +4.5 

25 63.48 64.48 +1.6 

 

8.2 Therapeutic effect of using the optimal shot sequence and a reciprocal 
repair model 

8.2.1 Patients with defined OARs  

Table 11 The therapeutic index values for the clinical sequences and optimal sequences for 

the nine patients with defined OARs. The optimal shot sequence was defined as the sequence 

leading to the highest therapeutic index. The oBED values used to calculate the therapeutic 

indices were calculated using the reciprocal repair model. 

 Therapeutic index  

Patient Clinical  Optimal  % change 

1 a 7.92 8.01 +1.1 

2 e 7.71 8.06 +4.5 

3 a 2.19 2.24 +2.3 

4 a 2.27 2.30 +1.3 

5 f 0.51 0.53 +3.9 

6 g 42.95 44.58 +3.8 

7 c 8.39 8.42 +0.4 

8 h 35.62 37.38 +4.9 

9 c 13.85 14.06 +1.5 
a Cochlea   c Brainstem   e Trigeminal Nerve 

 f Cochlear Nerve    g Medulla    h Pituitary gland 
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Table 12 The oBED values for the clinical sequences and the optimal sequences for the nine 

patients with defined OARs. The optimal shot sequence was defined as the sequence leading 

to the highest therapeutic index. The oBED values for the target and the dose-limiting OAR 

were calculated using the reciprocal repair model. 

 Target oBED (Gy10) OAR oBED (Gy2.47) 

Patient Clinical Optimal Clinical Optimal 

1 a 34.15 34.60 4.31 4.33 

2 e 28.11 29.80 3.64 3.70 

3 a 29.11 29.97 13.30 13.37 

4 a 36.01 36.44 15.89 15.83 

5 f 31.44 32.62 62.07 62.07 

6 g 47.78 49.75 1.11 1.12 

7 c 14.03 14.10 1.67 1.68 

8 h 67.53 69.20 1.90 1.85 

9 c 49.07 49.92 3.54 3.55 

a Cochlea   c Brainstem   e Trigeminal Nerve 

 f Cochlear Nerve    g Medulla    h Pituitary gland 

 

 

8.2.2 Patients with no defined OAR 

Table 13 Target oBED values for the clinical sequences and the optimal sequences for the 16 

patients with no OAR defined. The optimal shot sequence was defined as the sequence 

leading to the highest target oBED. The target oBED values were calculated using the 

reciprocal repair model. 

 Target oBED (Gy10)  

Patient Clinical Optimal % change 

10 51.48 52.33 +1.7 

11 47.08 48.55 +3.1 

12 46.10 49.96 +8.4 

13 66.79 67.83 +1.6 

14 71.91 74.79 +4.0 

15 52.62 54.76 +4.1 

16 81.12 83.66 +3.1 

17 61.13 63.59 +4.0 

18 65.93 67.12 +1.8 

19 66.81 68.60 +2.7 

20 77.90 79.51 +2.1 

21 26.84 27.13 +1.1 

22 16.68 16.96 +1.7 

23 26.65 27.79 +4.3 

24 26.46 27.19 +2.8 

25 66.55 67.19 +1.0 
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8.3 Therapeutic effect of using the optimal shot sequence and a bi-exponential 
repair model 

8.3.1 Patients with defined OARs  

Table 14 Therapeutic index values for the clinical and the optimal sequences for the nine 

patients with defined OARs. The optimal shot sequence was defined as the sequence leading 

to the highest therapeutic index. The oBED values used to calculate the therapeutic indices 

were calculated using the bi-exponential repair model. 

 Therapeutic index  

Patient Clinical Optimal % change 

1 a 8.65 8.71 +0.7 

2 e 9.75 9.95 +2.1 

3 a 2.55 2.66 +4.3 

4 a 2.74 2.95 +7.7 

5 f 0.74 0.78 +5.4 

6 g 38.41 41.06 +6.9 

7 c 8.53 8.62 +1.1 

8 h 26.35 27.16 +3.1 

9 c 11.59 11.68 +0.8 

a Cochlea   c Brainstem e Trigeminal Nerve 

 f Cochlear Nerve    g Medulla    h Pituitary gland 

 
 
Table 15 The oBED values for the clinical sequences and the optimal sequences for the nine 

patients with defined OARs. The optimal shot sequence was defined as the sequence leading 

to the highest therapeutic index. The oBED values for the target and the dose-limiting OAR 

were calculated using the bi-exponential repair model. 

 Target oBED (Gy8.31) OAR oBED (Gy2.47) 

Patient Clinical Optimal Clinical Optimal 

1 a 28.52 28.70 3.30 3.29 

2 e 27.10 26.74 2.78 2.69 

3 a 25.67 25.96 10.07 9.76 

4 a 35.70 35.29 13.01 11.97 

5 f 25.01 25.42 33.6 32.77 

6 g 38.16 38.78 0.99 0.94 

7 c 13.51 13.47 1.58 1.56 

8 h 40.81 41.85 1.55 1.54 

9 c 38.58 37.82 3.33 3.22 
a Cochlea   c Brainstem   e Trigeminal Nerve 

 f Cochlear Nerve    g Medulla    h Pituitary gland 
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8.3.2 Patients with no defined OAR 

Table 16 Target oBED values for the clinical sequences and the optimal sequences for the 16 

patients with no OAR defined. The optimal shot sequence was defined as the sequence 

leading to the highest target oBED. The target oBED values were calculated using the bi-

exponential repair model. 

 Target oBED (Gy8.31)  

Patient Clinical Optimal % change 

10 37.38 37.91 +1.4 

11 30.87 31.87 +3.2 

12 40.87 45.35 +11.0 

13 51.52 52.62 +2.1 

14 53.74 55.99 +4.2 

15 40.08 41.32 +3.1 

16 69.18 71.62 +3.5 

17 38.70 40.17 +3.8 

18 41.06 41.76 +1.7 

19 41.30 42.31 +2.4 

20 58.95 59.57 +1.1 

21 22.41 22.99 +2.6 

22 14.61 14.70 +0.6 

23 22.59 23.23 +2.8 

24 16.12 16.36 +1.5 

25 49.82 50.39 +1.1 

 

8.4 Therapeutic effect of using decayed Gamma Knife sources and a mono-
exponential repair model 

8.4.1 Patients with defined OARs  

Table 17 The therapeutic index values for the clinical sequences and optimal sequences for 

the nine patients with defined OARs. The optimal shot sequence was defined as the sequence 

leading to the highest therapeutic index. The oBED values used to calculate the therapeutic 

indices were calculated using the mono-exponential repair model and considering source 

decay after one half-life from the original activity. 

 Therapeutic index  

Patient Clinical Optimal % change 

1 a 7.58 7.73 +2.0 

2 e 7.24 7.67 +5.9 

3 a 2.08 2.17 +4.3 

4 a 2.15 2.23 +3.7 

5 f 0.52 0.56 +7.7 

6 g 36.90 41.24 +11.8 

7 c 8.26 8.31 +0.6 

8 h 35.05 36.82 +5.0 

9 c 13.28 13.61 +2.5 

a Cochlea   c Brainstem   e Trigeminal Nerve 

 f Cochlear Nerve    g Medulla    h Pituitary gland 
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Table 18 The oBED values for the clinical sequences and the optimal sequences for the nine 

patients with defined OARs. The optimal shot sequence was defined as the sequence leading 

to the highest therapeutic index. The oBED values for the target and the dose-limiting OAR 

were calculated using the mono-exponential repair model and considering source decay after 

one half-life from the original activity. 

 Target oBED (Gy10) OAR oBED (Gy2.47) 

Patient Clinical Optimal Clinical Optimal 

1 a 30.13 30.71 3.97 3.97 

2 e 23.72 26.37 3.28 3.44 

3 a 25.48 26.41 12.24 12.18 

4 a 32.43 33.24 15.11 14.91 

5 f 26.68 28.21 50.95 50.22 

6 g 39.70 41.78 1.08 1.01 

7 c 13.64 13.76 1.65 1.66 

8 h 59.23 59.59 1.69 1.62 

9 c 46.19 47.74 3.48 3.51 
a Cochlea   c Brainstem   e Trigeminal Nerve 

 f Cochlear Nerve    g Medulla    h Pituitary gland 

 

 
 

8.4.2 Patients with no defined OAR 

Table 19 Target oBED values for the clinical sequences and the optimal sequences for the 16 

patients with no OAR defined. The optimal shot sequence was defined as the sequence 

leading to the highest target oBED. The target oBED values were calculated using the mono-

exponential repair model and considering the effect of source decay after one half-life from the 

original activity. 

 Target oBED (Gy10)  

Patient Clinical Optimal % change 

10 44.67 46.12 +3.2 

11 39.74 42.08 +5.9 

12 39.38 43.34 +10.1 

13 57.38 58.71 +2.3 

14 61.68 66.27 +7.4 

15 47.44 51.54 +8.6 

16 71.15 75.63 +6.3 

17 53.59 56.54 +5.5 

18 58.98 61.12 +3.6 

19 61.23 64.43 +5.2 

20 68.10 71.11 +4.4 

21 23.27 23.86 +2.5 

22 14.63 15.10 +3.2 

23 22.71 24.34 +7.2 

24 22.44 23.57 +5.0 

25 55.51 56.50 +1.8 

 
 



 

 62 

8.5 Therapeutic effect of using decayed Gamma Knife sources and a reciprocal 
repair model Patients with defined OARs  

8.5.1 Patients with defined OARs  

Table 20 The therapeutic index values for the clinical sequences and optimal sequences for 

the nine patients with defined OARs. The optimal shot sequence was defined as the sequence 

leading to the highest therapeutic index. The oBED values used to calculate the therapeutic 

indices were calculated using the reciprocal repair model and considering source decay after 

one half-life from the original activity. 

 Therapeutic index  

Patient Clinical Optimal % change 

1 a 7.59 7.70 +1.4 

2 e 7.37 7.72 +4.7 

3 a 2.09 2.15 +2.9 

4 a 2.17 2.22 +2.3 

5 f 0.50 0.52 +4.0 

6 g 39.57 42.46 +7.3 

7 c 8.25 8.29 +0.5 

8 h 35.13 36.88 +5.0 

9 c 13.45 13.69 +1.8 
a Cochlea   c Brainstem   eTrigeminal Nerve 
f Cochlear Nerve    g Medulla    h Pituitary gland 

 
 
Table 21 The oBED values for the clinical sequences and the optimal sequences for the nine 

patients with defined OARs. The optimal shot sequence was defined as the sequence leading 

to the highest therapeutic index. The oBED values for the target and the dose-limiting OAR 

were calculated using the reciprocal repair model and considering source decay after one half-

life from the original activity. 

 Target oBED (Gy10) OAR oBED (Gy2.47) 

Patient Clinical Optimal Clinical Optimal 

1 a 31.87 32.45 4.20 4.21 

2 e 25.96 27.92 3.52 3.62 

3 a 27.06 28.12 12.95 13.06 

4 a 33.86 34.44 15.62 15.51 

5 f 29.10 30.45 58.40 58.43 

6 g 44.16 46.18 1.12 1.09 

7 c 13.74 13.83 1.67 1.67 

8 h 64.24 65.45 1.83 1.77 

9 c 47.36 48.42 3.52 3.54 

a Cochlea   c Brainstem   e Trigeminal Nerve 

 f Cochlear Nerve    g Medulla    h Pituitary gland 
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8.5.2 Patients with no defined OAR  

Table 22 Target oBED values for the clinical sequences and the optimal sequences for the 16 

patients with no OAR defined. The optimal shot sequence was defined as the sequence 

leading to the highest target oBED. The target oBED values are calculated using the reciprocal 

repair model and considering the effect of source decay after one half-life from the original 

activity. 

 Target oBED (Gy10)  

Patient Clinical Optimal % change 

10 47.90 48.91 +2.1 

11 43.54 45.17 +3.7 

12 42.99 46.60 +8.4 

13 61.88 62.86 +1.6 

14 66.77 70.06 +4.9 

15 49.66 52.56 +5.8 

16 75.26 78.53 +4.3 

17 58.01 60.37 +4.1 

18 62.28 63.68 +2.2 

19 63.93 66.05 +3.3 

20 72.54 74.57 +2.8 

21 24.90 25.33 +1.7 

22 15.62 15.95 +2.1 

23 24.74 25.96 +4.9 

24 24.64 25.44 +3.2 

25 60.92 61.59 +1.1 

 

8.6 Therapeutic effect of using decayed Gamma Knife sources and a bi-
exponential repair model  

8.6.1 Patients with defined OARs  

Table 23 The therapeutic index values for the clinical sequences and optimal sequences for 

the nine patients with defined OARs. The optimal shot sequence was defined as the sequence 

leading to the highest therapeutic index. The oBED values used to calculate the therapeutic 

indices were calculated using the bi-exponential repair model and considering source decay 

after one half-life from the original activity. 

 Therapeutic index  

Patient Clinical Optimal % change 

1 a 9.15 9.22 +0.8 

2 e 9.62 9.75 +1.4 

3 a 2.72 2.80 +2.9 

4 a 2.94 3.11 +5.8 

5 f 0.86 0.89 +3.5 

6 g 38.40 40.35 +5.1 

7 c 8.73 8.85 +1.4 

8 h 25.53 26.53 +3.9 

9 c 11.65 11.66 +0.1 

a Cochlea   c Brainstem   e Trigeminal Nerve 

 f Cochlear Nerve    g Medulla    h Pituitary gland 
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Table 24 The oBED values for the clinical sequences and the optimal sequences for the nine 

patients with defined OARs. The optimal shot sequence was defined as the sequence leading 

to the highest therapeutic index. The oBED values for the target and the dose-limiting OAR 

are calculated using the bi-exponential repair model and considering the effect of source decay 

after one half-life from the original activity. 

 Target oBED (Gy8.31) OAR oBED (Gy2.47) 

Patient Clinical Optimal Clinical Optimal 

1 a 27.36 27.61 2.99 2.99 

2 e 25.40 25.59 2.64 2.62 

3 a 24.57 25.03 9.04 8.93 

4 a 33.97 33.45 11.57 10.76 

5 f 23.72 24.13 27.65 27.13 

6 g 36.75 37.70 0.96 0.93 

7 c 13.29 13.24 1.52 1.50 

8 h 39.10 40.73 1.53 1.54 

9 c 37.79 38.20 3.24 3.28 
a Cochlea   c Brainstem   e Trigeminal Nerve 

 f Cochlear Nerve    g Medulla    h Pituitary gland 

 

 

8.6.2 Patients with no defined OAR 

Table 25 Target oBED values for the clinical sequences and the optimal sequences for the 16 

patients with no OAR defined. The optimal shot sequence was defined as the sequence 

leading to the highest target oBED. The target oBED values were calculated using the bi-

exponential repair model and considering the effect of source decay after one half-life from the 

original activity. 

 Target oBED (Gy8.31)  

Patient Clinical Optimal % change 

10 35.72 36.38 +1.8 

11 28.81 29.54 +2.5 

12 36.92 40.27 +9.1 

13 47.98 49.38 +2.9 

14 51.08 53.98 +5.7 

15 38.56 40.20 +4.3 

16 65.65 68.79 +4.8 

17 37.10 38.94 +5.0 

18 39.52 40.41 +2.3 

19 40.14 41.43 +3.2 

20 56.47 57.29 +1.5 

21 21.56 22.09 +2.5 

22 13.96 14.09 +0.9 

23 21.28 22.11 +3.9 

24 15.39 15.69 +1.9 

25 46.53 47.21 +1.5 
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8.7 Optimal shot sequences 

 
Table 26 Optimal shot sequences leading to the highest therapeutic index or to the highest 

target oBED. oBED values were calculated with three sublethal repair models: mono-

exponential, reciprocal and bi-exponential. oBED values were used for the target and for the 

calculation of the therapeutic indices. 

Patient 
 Mono-exponential Reciprocal Bi-exponential 

Clinical Optimal Optimal Optimal 

1* 1-2-3-4-5-6 3-1-5-2-4-6 3-1-5-2-4-6 1-5-3-2-4-6 

2* 1-2-3-4-5-6 2-5-1-4-3-6 5-2-1-4-3-6 6-4-5-2-3-1 

3* 1-2-3-4-5-6-7 3-7-5-2-4-6-1 3-7-5-2-4-6-1 1-6-3-7-5-2-4 

4* 1-2-3-4 2-1-4-3 2-1-4-3 3-1-2-4 

5* 1-2-3-4-5-6-7 7-4-5-2-1-6-3 7-4-5-2-1-6-3 2-7-3-4-5-1-6 

6* 1-2-3-4-5-6-7 5-6-1-4-3-2-7 5-6-1-4-3-2-7 5-1-4-3-6-2-7 

7* 1-2-3-4-5-6 2-1-5-3-4-6 6-4-3-1-2-5 2-3-1-6-4-5 

8* 1-2-3-4-5-6 2-5-1-4-3 2-5-1-4-3 2-4-1-3-5 

9* 1-2-3-4 4-3-1-2 4-3-1-2 2-4-3-1 

10$ 1-2-3-4-5 2-5-4-3-1 2-5-4-3-1 2-4-5-3-1 

11$ 1-2-3-4-5-6 6-4-2-1-3-5 6-4-2-1-3-5 3-6-5-4-2-1 

12$ 1-2-3-4-5-6-7 7-6-3-2-4-5-1 7-6-3-2-4-5-1 3-2-6-7-5-4-1 

13$ 1-2-3-4-5-6 3-4-2-5-1-6 3-4-2-5-1-6 4-1-5-2-6-3 

14$ 1-2-3-4-5 5-4-1-2-3 5-4-1-2-3 5-2-4-1-3 

15$ 1-2-3-4-5-6 6-5-4-3-2-1 6-5-4-3-2-1 5-6-4-2-3-1 

16$ 1-2-3-4-5 5-2-4-1-3 5-2-4-1-3 5-4-1-3-2 

17$ 1-2-3-4 2-4-1-3 2-4-1-3 2-4-1-3 

18$ 1-2-3-4-5 5-3-2-4-1 5-3-2-4-1 5-1-4-2-3 

19$ 1-2-3-4 3-4-1-2 3-4-1-2 3-1-4-2 

20$ 1-2-3-4-5 5-1-3-2-4 5-1-3-2-4 5-1-3-2-4 

21$ 
1-2-3-4-5-6-7-8-9-10-

11-12-13-14-15-16-17 

15-10-2-8-7-9-1-11-1-

12- 5-4-3-6-16-14-17 

15-10-2-8-7-9-1-11-1-

12- 5-4-3-6-16-14-17 

15-10-2-8-7-9-1-11-1-

12- 5-4-3-6-16-14-17 

22$ 

1-2-3-4-5-6-7-8-9-10-

11-12-13-14-15-16-

17-18-19-20 

9-8-17-11-4-19-2-13-

7-10-16-6-1-5-12-15-

14-20-18-3 

9-8-17-11-4-19-2-13-

7-10-16-6-1-5-12-15-

14-20-18-3 

12-17-15-6-19-20-5-

18-13-3-1-11-4-10-9-

2-16-14-8-7 

23$ 

1-2-3-4-5-6-7-8-9-10-

11-12-13-14-15-16-

17-18-19-20-21-22-

23-24-25 

7-19-9-16-25-14-2-

24-18-10-13-22-5-11-

8-23-12-1-3-15-20-4-

6-21-17 

7-19-9-16-25-14-2-

24-18-10-13-22-5-11-

8-23-12-1-3-15-20-4-

6-21-17 

18-8-20-3-6-19-5-21-

12-1-14-25-2-9-23-

16-4-10-24-7-13-22-

11-17-15 

24$ 

1-2-3-4-5-6-7-8-9-10-

11-12-13-14-15-16-

17-18-19-20-21-22-

23-24-25-26-27 

10-2-26-22-25-20-23-

15-17-12-1-13-3-11-

16-6-8-18-24-27-9-4-

7-5-21-14-19 

10-2-26-22-25-20-23-

15-17-12-1-13-3-11-

16-6-8-18-24-27-9-4-

7-5-21-14-19 

10-2-26-22-25-20-23-

15-17-12-1-13-3-11-

16-6-8-18-24-27-9-4-

7-5-21-14-19 

25$ 

1-2-3-4-5-6-7-8-9-10-

11-12-13-14-15-16-

17-18-19-20-21-22-

23-24-25-26-27-28-

29-30-31-32-33 

3-11-24-4-1-19-12-

22-23-13-17-2-15-7-

27-6-10-5-9-31-29-

21-25-16-14-18-32-

33-28-26-20-8-30 

3-11-24-4-1-19-12-

22-23-13-17-2-15-7-

27-6-10-5-9-31-29-

21-25-16-14-18-32-

33-28-26-20-8-30 

29-9-23-22-24-6-7-

14-11-8-1-17-28-20-

16-19-4-27-12-3-25-

2-10-15-5-18-21-13-

30-33-31-26-32 

* Optimal sequence defined by the highest therapeutic index 
$ Optimal sequence defined by the highest therapeutic target oBED 
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