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1. INTRODUCTION 

Stereotactic radiosurgery (SRS) has become a major modality in the treatment of intracranial neoplasms, providing very 

conformal dose distributions coupled with steep dose gradients (1,2). These attributes allow for very precise targeting 

while at the same time avoiding other healthy areas. Among the variety of SRS platforms, one of them called Gamma 

Knife, still has unique advantages through its use of multiple convergent photon beams, each originating from a cobalt-

60 source, and thus has submillimetric accuracy and reproducible beam geometry. This physical arrangement facilitates 
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the delivery of high-dose irradiation in a single dose, which is traditionally considered the optimum mode of delivery for 

benign intracranial tumors like meningiomas (3–5). 

Meningiomas, with their indolent nature and low α/β ratio, represent an excellent example to investigate dose 

fractionation and the biological response. While single-session SRS delivers a significantly high biological effective 

dose (BED) that is correlated with better tumor control, the recent medical trend towards multi-session or hypo 

fractionated treatments Gamma Knife-based protocols aim to decrease radiation-induced toxicity, especially for larger 

lesions or those in proximity to critical structures. Nevertheless, the radiobiological implications of fractionation in the 

specific dosage context of cobalt-60 supplementation for complex delivery pathways remain inadequately understood 

from a purely physical perspective (6), which raises concerns about the optimal treatment protocols and their potential 

impact on patient outcomes. 

From a radiobiological point of view, the efficacy of SRS is not only dependent on the aggregate dose but also 

on dose per fraction, dose rate, and the temporal irradiation pattern. The linear-quadratic (LQ) model that was developed 

for the conventional fractionation procedure is still proving to be a useful model for comparing different SRS schedules 

using various models, such as BED and equivalent dose in 2 Gy fractions (EQD2). However, in the case of high-dose-

per-fraction scenarios typical of Gamma Knife radiosurgery, additional/physical considerations need to be included 

(7,8).  

In particular, the natural radioactive decay of the cobalt-60 generates a progressive reduction in dose rate over 

time and can potentially lengthen the beam-on time and, in turn, improve the period of time needed for sub-lethal repair 

of damage during irradiation. This phenomenon is of special meaning in multi-fractional treatments where the inter-

fractional repair has the further consequence of modulating the aggregate biological response, ultimately leading to 

improved treatment outcomes and reduced side effects for patients undergoing radiation therapy (9). 

Traditional BED calculations fail to account for the complexity of the dose rate/repair kinetics interaction. 

Therefore, with the exception of data related to repair processes and dose rate correction, traditional BED calculations 

are essential for accurately depicting the radiobiological potency of cobalt-60-based radiosurgery. Moreover, modeling 

methods, such as tumor control probability (TCP) and normal tissue complication probability (NTCP), provide 

quantitative measures for transferring the changes in Dosimetric to prognosticated biological outcomes. These models 

make possible a more holistic evaluation of the therapeutic ratio, especially in comparing single-session and multi-

session irradiation (10). 

Despite the clinical success of Gamma Knife radiosurgery as a therapeutic modality, there has been a paucity 

of systematic and physics-driven analysis that amalgamates the Dosimetric parameters, dose rate phenomena, and 

radiobiological modeling in a coherent format. Most existing investigations concentrate primarily on clinical endpoints, 

with minimal attention to the physical mechanisms that underlie treatment efficacy. This lack of data takes on increased 

importance in the context of changing treatment paradigms, in which fractionation schemes are increasingly developed 

in the interest of optimizing tumor control while also allowing preservation of normal tissue (11,12). 

Along with traditional radiobiological factors of consideration, recent focus has also changed to the sources 

related physical parameters in determining the treatment response. Cobalt-60-based Gamma Knife have such a time-

dependent nature of dose delivery due to radioactive decay effects that effective dose rate and beam-on time in a given 

treatment cycle vary (13). These time effects can be important in the repair of sublethal damage through the Lea-

Catcheside formalism and thus regulate the biologic efficiency of irradiation (14). 

Nevertheless, the correlation between the dose-rate change, the duration of irradiation, and radiobiological 

results is still not described in a quantitative manner. Specifically, the process of effective dose rate, repair kinetics, and 

the predicted outcomes (TCP and NTCP) have not been assessed systematically using a coherent physics-radiobiology 

framework (15). 

Recent reports (16–18) have indicated that protraction of dose and dose rate could increase the normal tissue 

sparing without undermining the tumor control, which is again indicative that the time-dependent dose is important in 

radiosurgery. 

Consequently, the current research will perform a thorough physics-based radiobiological analysis of Cobalt-

60 Gamma Knife Gamma surgeries by contrasting single and multiple sessions in the treatment of intracranial 

meningioma. This study uses dose-rate decay effects, beam-on time, and sublethal damage repair modeling besides the 

traditional Dosimetric and radiobiological measures in the examination of the effects of adding these parameters to the 

treatment outcomes. Moreover, correlation analysis of the physical delivery parameters and endpoints of radiobiology 

is done to explain the mechanistic relationship between dose delivery dynamics and therapeutic responses. This 
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combined method will contribute to strengthening the knowledge of time-dependent dose delivery and make radio 

surgical protocol optimization based on physics, ultimately leading to enhanced treatment efficacy and patient outcomes 

in radiotherapy. 

2. METHODOLOGY 

This prospective study, which uses a consecutive sampling technique, is part of a physics-based research 

initiative. The study was performed at the Gamma Knife Center of Ghazi Alharriri Hospital for Specialist Surgeries, 

Medical Complex, in Baghdad, Iraq. The research was conducted from January 2025 to March 2026. Ethical consent was 

signed by each patient prior to the study. Patients were included using a consecutive case selection approach during the 

study period to minimize potential selection bias. All eligible intracranial meningioma cases treated with Gamma Knife 

radiosurgery within the defined timeframe were considered for inclusion without preferential selection. The allocation 

into single-session and multi-session treatment groups was based on standard clinical practice criteria, including tumor 

size, proximity to critical structures, and physician decision, rather than researcher-driven selection. Exclusion criteria 

included those cases where there was incomplete or inconsistent dosimetric data; previous cranial radiotherapy potentially 

confounding the radiobiological response; atypical or malignant meningiomas with substantially different radiobiological 

behavior; and those with treatment plans not conforming to standard Gamma Knife parameters of treatment delivery. 

Additionally, cases with extreme or non-physiological parameters were excluded. A total of 100 intracranial 

meningiomas. The cases were split into two groups: single-session radiosurgery (n = 50) and multiple-session 

(hypofractionated) radiosurgery (n = 50).  

A formal sample size justification has been incorporated into the revised manuscript to address concerns 

regarding statistical robustness. Although the present study is primarily physics-based and simulation-driven, an a priori 

power analysis was performed using an independent samples t-test framework (G*Power v3.1). Assuming a moderate 

effect size (Cohen’s d = 0.6), a significance level of α = 0.05, and a statistical power of 80%, the minimum required 

sample size was estimated at 45 cases per group. The final cohort of 100 cases (50 per group) therefore exceeds this 

requirement and ensures adequate power to detect clinically meaningful differences in radiobiological parameters, 

particularly for NTCP and BED comparisons. In addition, a post hoc evaluation confirmed that the achieved statistical 

power was greater than 80% for the primary endpoints. These considerations support the validity and reliability of the 

comparative analyses presented in this study. 

To further reduce bias, consistent inclusion and exclusion criteria were applied across both groups, and all cases 

with complete dosimetric and radiobiological data were included in the analysis. Although convenience sampling was 

used, efforts were made to ensure representativeness by including all consecutive eligible cases and avoiding selective 

inclusion based on outcomes or treatment response. The nuclear physics and dosimetric parameters were presented in 

Table 1. 

Table 1. The physics and radiobiological parameters used in this study 

Category Parameter Symbol Unit Value / Range Description 

Dosimetric 
Number of fractions n – 

1 (single), 3–4 

(multi) 

Total number of treatment 

fractions 

Dose per fraction d Gy 5–14 Gy 
Prescribed dose per 

fraction 

Total dose 
D= n . 

d 
Gy Derived Total delivered dose 

Maximum dose Dmax Gy Case-specific 
Maximum dose within 

target 

Mean dose Dmean Gy Case-specific 
Mean dose to target 

volume 

Beam-on time T min ~50–80 min Total irradiation time 

Nuclear 

Physics 

Initial activity A0 – Normalized Initial Co-60 activity 

Activity at time t A(t) – Derived Time-dependent activity 
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Decay constant 𝜆 year⁻¹ 0.131 Co-60 decay constant 

Half-life T1/2 years 5.27 Co-60 physical half-life 

Radiobiology 
Alpha/beta ratio 𝛼/𝛽 Gy 3 Gy 

Meningioma tissue 

assumption 

Repair constant 𝜇 h⁻¹ 0.46 
Sublethal damage repair 

rate 

Repair factor G – 0.96–0.98 Lea–Catcheside factor 

Dose Metrics Biologically effective dose BED Gy Calculated Standard LQ-based BED 

Corrected BED BEDcorr Gy Calculated Includes repair factor 

Equivalent dose (2 Gy) EQD2 Gy Calculated Standardized dose 

Outcome 

Models 

Tumor control probability TCP – 0–1 Logistic model output 

Normal tissue complication 

probability 
NTCP – 0–1 LKB model output 

Effective dose Deff Gy Derived Used in NTCP modeling 

Plan Quality Conformity index CI – 0–1 Dose conformity 

Gradient index GI – – Dose fall-off 

V12Gy – cc Case-specific Volume receiving 12 Gy 

For each case, the treatment planning parameters were specified, which were target volume, prescription dose, 

dose per fraction (d), number of fractions (n), maximum dose (Dmax), mean dose (Dmean), conformity index (CI), 

gradient index (GI), volume receiving 12 Gy (V12Gy), and beam-on time (T). All the plans were assumed to be prescribed 

to the 50% isodose line as per routine Gamma Knife. The patients’ treatments were forwarded to MRI scanning at 1.5 

Tesla, Philips, and the protocol was exported to the Gamma Knife workstation. The GK used was the Icon model that 

was manufactured by Elekta, Sweden. Radiobiological modeling was done using the linear-quadratic (LQ) formalism in 

which cell survival is given by: 

𝑆𝐹 = 𝑒(−𝛼𝐷+𝛽𝐷2). . . . . . . . (1)(19) 

Where SF is the surviving fraction of cells, D is the total dose (Gy), α is the linear component (single-track 

damage), and β is the quadratic component (double-track damage). 

An α/β ratio of 3 Gy was assumed to reflect the radiobiological characteristics of meningioma. The biologically effective 

dose (BED) was calculated for each treatment plan according to 

𝐵𝐸𝐷 = 𝑛. 𝑑 (1 +
𝑑

𝛼/𝛽
) . . . . . . . (2) (20) 

and subsequently converted to equivalent dose in 2 Gy fractions (EQD2) using the following: 

𝐸𝑄𝐷2 =
𝐵𝐸𝐷

1 +
2

𝛼/𝛽

 . . . . . . . . (3) (20) 

To account for the physical properties of cobalt-60, dose-rate variation due to radioactive decay was modeled using the 

exponential decay law: 

𝐴(𝑡) = 𝐴0𝑒−𝜆𝑇 . . . . . . . . (4) (21) 

where λ = 0.131 year⁻¹ is the decay constant of Co-60. The influence of prolonged irradiation time on sublethal 

damage repair was incorporated using the Lea–Catcheside repair factor: 

𝐺 =
2

𝜇𝑇
(1 −

1 − 𝑒−𝜇𝑇

𝜇𝑇
) . . . . . . . . (5) (22) 
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where μ represents the repair constant (assumed 0.46 h⁻¹) and T is the beam-on time. The dose-rate–corrected 

biological effective dose was then calculated as 

𝐵𝐸𝐷𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 𝑛𝑑 (1 +
𝐺. 𝑑

𝛼/𝛽
) . . . . . . . . (6) (22) 

Radiobiological outcome modeling was performed by estimating tumor control probability (TCP) using a logistic 

formulation based on BED: 

𝑇𝐶𝑃 =
1

1 + 𝑒−(𝛼+𝑏.𝐵𝐸𝐷)
 . . . . . . . . (7) (19) 

and normal tissue complication probability (NTCP) using the Lyman–Kutcher–Burman (LKB) model: 

𝑁𝑇𝐶𝑃 = 𝛷 (
𝐷𝑒𝑓𝑓 − 𝑇𝐷50

𝑚. 𝑇𝐷50

) . . . . . . . (8) (23) 

where Deff is the effective dose based on dose-volume parameters, especially V12Gy; TD50 is the tolerance dose 

for 50% probability of complications; m is a slope parameter; and Φ represents the cumulative normal distribution 

function. All radiobiological calculations were performed in a structured calculation framework using Microsoft Excel 

and SPSS version 29 software, where the calculations for varied BED over automated derivation of BED, EQD2, dose-

rate-corrected BED, repair factors, TCP, and NTCP were performed for each case.  

Statistical analysis was conducted using SPSS version 29 to compare single-session and multiple-session groups 

with an independent two-sample t-test with Welch correction; results were expressed in mean ± standard deviation with 

statistical significance at p < 0.05. This integrated methodology allowed us to extensively assess the association of 

fractionation, dose rate variation, and radiobiological effectiveness in Gamma Knife radiosurgery. 

3.  RESULTS 

3.1. Cobalt-60 Source Physics and Dose-Rate Characteristics 

 Evaluation of source-related physics parameters shown in Table 2 indicated similar initial dose rates between 

single-session and multi-session Gamma Knife radiosurgery without statistically significant differences. But the effective 

dose rate was significantly lower in the multi-session group, reflecting the effect of both extended irradiation time and 

radioactive decay, as shown in Figure 1. This decrease was correlated with a reduction in the decay-corrected source 

activity in the multi-session group, reflecting the influence of radioactive decay on dose delivery over time, as shown in 

Figure 2. By contrast, beam-on time was prolonged in multi-session radiosurgery, consistent with fractionated dose 

delivery and prolonged treatment time, as shown in Figure 3.  

Table 2. Cobalt-60 Source Physics and Dose-Rate Characteristics 

Parameter Single Session Multi Session p-value 

Initial dose rate 

(Gy/min) 

3.42 ± 0.31 3.34 ± 0.31 0.264 

Effective dose rate 

(Gy/min) 

3.25 ± 0.22 2.98 ± 0.26 0.002 

Decay-corrected activity 

(%) 

92.5 ± 3.61 89.7 ± 4.7 0.007 

Beam-on time (min) 52.4 ± 13.3 78.5 ± 18.2 <0.0001 
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Figure 1. Comparison of Dose Rate for Cobalt-60 Source Characteristics 

 

Figure 2. Comparison of decay-corrected activity (%) for cobalt-60 source characteristics 

 

Figure 3. Comparison of Beam-on Time (min) for Cobalt-60 Source Characteristics 
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3.2. Radiobiological Dose Comparison 

A statistically significant difference in radiobiological dose metrics was observed between single-session and 

multi-session Gamma Knife radiosurgery plans using Cobalt-60 sources, as shown in Table 3 and Figure 4. The mean 

biological effective dose (BED) was significantly higher in the single-session group compared with the multi-session 

group. Similarly, when incorporating dose-rate correction to account for Cobalt-60 decay and treatment time, the 

corrected BED remained significantly elevated in the single-session cohort. A comparable trend was observed for the 

equivalent dose in 2 Gy fractions (EQD2), which was significantly higher in single-session treatments than in multi-

session treatments.  

Table 3. Radiobiological Dose Metrics for Single-Session and Multi-Session Treatment of Meningioma 

Parameter Single-Session  Multi-Session  p-value 

BED (standard) Gy 79.74 ± 7.8 63.42 ± 7.18 <0.0001 

BED corrected for dose rate (Gy) 78.41 ± 7.3 62.21 ± 7.02 <0.0001 

EQD2 corrected (Gy) 47.08 ± 4.6 37.33 ± 4.21 <0.0001 

 

 

 
Figure 4. Comparison of Radiobiological Dose Metrics for Single-Session and Multi-Session Treatment of 

Meningioma 
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Figure 5. Comparison of Repair and Dose-Rate Effects for Single-Session and Multi-Session Treatment of 

Meningioma. 

 

3.4. Radiobiological Outcome Modeling 

Despite differences in biological dose apparent in Table 5 and Figure 6, tumor control probability (TCP) and 

normal tissue complication probability (NTCP) were similar between single- and multiple-session treatments. The TCP 
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Table 5. Radiobiological Outcome Modeling for Single-Session and Multi-Session Treatment of Meningioma 

Parameter Single-Session  Multi-Session  p-

value 

Tumor Control Probability (TCP) 0.991 ± 0.003 0.989 ± 0.004 0.312 

Normal Tissue Complication Probability (NTCP)  0.022 ± 0.014 0.015 ± 0.008 0.021 

 

 

Figure 6. Radiobiological Outcome Modeling for Single-Session and Multi-Session Treatment of Meningioma 
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3.5. Correlation Analysis Between Physics and Radiobiological Parameters 

The correlation analysis performed in Table 6 shows a highly significant inverse correlation was found between 

dose rate and the Lea-Catcheside repair factor (G), suggesting that the effective dose rate might be reduced to allow for 

enhanced repair of sublethal damage during irradiation. Likewise, there was a moderately negative correlation between 

beam-on time and normal tissue complication probability (NTCP), implying that increased dose protraction (beam-on 

time and fractionation per session) leads to normal tissue sparing. Conversely, there was no correlation between the 

biological equivalent dose (BED) and tumor control probability (TCP), suggesting a saturating dose response in 

meningioma.  

 

Table 5. Correlation Analysis Between Physics and Radiobiological Parameters 

Variable r p-value 

Dose rate vs. G -0.62 <0.001 

Beam-on time vs. NTCP -0.41 0.01 

BED vs TCP 0.12 0.29 

 

 

4. DISCUSSION 

The current work presents a detailed evaluation of fractionation effects in Gamma Knife radiosurgery using 

Cobalt-60 sources, based on physics. It brings dosimetric parameters, dose rate corrections, and radiobiological modeling 

into fitted packs.  

4.1 . Cobalt-60 Source Physics and Dose-Rate Characteristics 

 In the current study, there were similarities in the initial dose rate across groups, whereas the effective dose rate 

was lower in multi-session treatment with longer beam-on time (78.5 ± 18.2 vs 52.4 ± 13.3 min, p < 0.0001). The results 

are in line with reported Gamma Knife Icon performance characteristics. Indicatively, Zeverino M et al. (2017) (24) said 

that the mean on-time was about 45 to 80 minutes based on target volumes and treatment specifications, whereas the 

dose/rate is about 3.0–3.5 Gy/min, and repair effects are higher but do not impair the dosimetric accuracy. Such 

comparisons can justify the validity of Watanabe Y et al. (25) findings and underscore the part played by time-dependent 

dose delivery in the control of radiobiological response.  

 No previous study has combined dose-rate decay, beam-on time, and radiobiological modeling in a unified 

framework; however, individual reported values are consistent with our findings. 

4.2. Radiobiological Dose Comparison 

            The results show that even if the BED of single-session radiosurgery exceeds that of the conventional system by 

a large margin, this increase is not reflected in a statistically significant increase in probability of tumor control (TCP). 

On the other hand, multi-session treatments provide equivalent tumor control but significantly lower the probability of 

normal tissue complications (NTCP). These findings support the concept of a dose–response saturation effect in benign 

tumors such as meningiomas, whereby further dose escalation beyond a critical biological threshold yields minimal 

additional gain in tumor control while potentially increasing the risk of normal tissue toxicity. 

 

From a radiobiological perspective, the higher levels of BED in single-session treatments are a natural outcome 

of a large dose per fraction, which tends to enhance the quadratic component of the killing of cells under the linear-

quadratic framework. Nonetheless, the concept of dose-response saturation of benign tumors (e.g., meningiomas) is 

poorly supported. Similar findings have been seen with a hypofractionated series of radiosurgery in which tumor control 

has been high even though the doses per fraction were lower, especially with low-grade lesions. This suggests that once 

an adequate cytotoxic threshold is reached, increasing the biological effective dose (BED) provides relatively little 
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additional benefit, highlighting the importance of optimizing the therapeutic ratio rather than simply achieving the 

maximum dose (26). 

 

The role of fractionation appears especially obvious when considering normal tissue responses. In this study, 

multi-seeded treatments had significantly lower NTCP values, which is evidence of better normal tissue sparing. This 

observation is consistent with other published reports, which have noted that hypofractionated Gamma Knife 

radiosurgery provides excellent tumor control with fewer reported complications, particularly with larger lesions or 

tumors near a critical structure. Moreover, a recent clinical comparison between single-session versus multi-session 

Gamma Knife plans revealed that multi-session is linked to better selectivity and less treatment burden (without any 

apparent change for the gradient indices). Collectively, these results support a hypothesis that fractionation improves the 

therapeutic ratio by allowing such temporal redistribution of dose and allows for repair in normal tissue (27). 

4.3. Repair and Dose-Rate Effects 

Large differences in the Lea-Catcheside repair factor (G) between the different treatment groups further support 

the contribution of sublethal damage repair, indicating that varying treatment protocols may lead to different levels of 

tissue recovery and overall treatment efficacy. Multi-session irradiation allows for intra-fraction and inter-fraction repair 

processes to occur, which allows for effective reduction of the biologically effective dose delivered to normal tissues. 

Clinical studies on fractionated Gamma Knife radiosurgery for large skull base meningiomas have also reported on 

favorable functional outcomes, maintenance of neurological status, and acceptable toxicity profiles (28). This suggests 

that repair kinetics is at the center of balancing tumor control compared with preserving normal tissue. 

In addition to fractionation, this study is the only one to incorporate the effects of dose rates relating to the radioactive 

decay of Cobalt 60. Radionic dose rates are often neglected in clinical studies. While dose-rate variation only had a fairly 

small effect compared with fractionation, the inclusion of dose-rate variation provides a more realistic representation of 

Gamma Knife dose delivery. As source activity diminishes with time, long beam-on times may increase sublethal damage 

repair during irradiation. Although this effect was not statistically significant in the present analysis, it may become more 

relevant in old systems or longer treatments, which calls attention to the need for consideration of time-dependent dose 

delivery in radiobiological modeling, particularly as it relates to optimizing treatment protocols and improving patient 

outcomes. 

4.4. Radiobiological Outcome Modeling 

 The equivalence of TCP between single- and multi-session treatments as seen in this study is in line with 

emerging evidence that hypofractionated Gamma Knife radiosurgery can deliver durable tumor control rates seen with 

single-session approaches. Recent retrospective and meta-analytic data show long-term control rates of more than 90% 

in low-grade meningiomas treated with hypofractionated protocols, even in the case of a large tumor volume or eloquent 

brain regions. This serves to strengthen the idea that fractionation, used sensibly, is not compromising tumor control but 

rather increases treatment safety. 

Despite the obvious biological dose differences between the treatment groups, tumor control probability (TCP) 

was statistically comparable between single-session and multi-session Gamma Knife radiosurgery treatments. In the 

present study, the values of TCP were high for both groups, suggesting that both approaches provide near-maximal tumor 

control. This finding is consistent with the recent clinical evidence by Gong et al. (26) and Kazemi et al. (29), showing 

that tumor control rates are greater than 90-97% following Gamma Knife radiosurgery for meningiomas regardless of 

fractionation strategy.  

The absence of a substantial TCP difference despite a lower biological effective dose in the multi-session group 

indicates the possibility of a dose-response plateau effect, especially in relation to the treatment of benign tumors such 

as meningiomas. Similar observations have been reported after fractionated Gamma Knife by Park et al. (28), in which 

hypofractionated or staged treatments were associated with tumor control rates of 89% to 98%, comparable to single-

session radiosurgery. This supports the notion that if a sufficient level of cytotoxicity has been achieved, further dose 

escalation does not substantially improve tumor control but may further increase the risk for toxicity. 

In contrast, normal tissue complication probability (NTCP) was statistically significantly lower in the multi-

session group, which suggests an improvement in normal tissue sparing. This result is in excellent agreement with the 
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published fractionated Gamma Knife study by Poon et al. (30), which has shown that multi-session or staged approaches 

reduce the rate of complications but do not compromise therapeutic effectiveness. For example, fractionated Gamma 

Knife radiosurgery has been linked to lower complication rates (7.1% vs. 33.3%) than single-session treatment in large 

skull base meningiomas. Other studies have shown a possible link between longer (two or more fractionated) Gamma 

Knife radiosurgery sessions for skull base meningioma patients and a poorer rate of local control of the tumor. 

In this study, although single-session Gamma Knife radiosurgery delivers a higher BED, multi-session treatment 

has equal tumor control with better normal tissue sparing. The integrity of sample collection and handling is crucial, 

which includes establishing quality assurance protocols and considering external and analytical quality control measures 

to ensure that the data collected accurately reflects the effectiveness of both single-session and multi-session Gamma 

Knife radiosurgery treatments. Concatenation of dose-rate effects, repair kinetics, and probabilistic outcome modeling 

will provide a more complete picture of the radiobiological mechanisms that underpin Gamma Knife radiosurgery (15). 

These findings provide support for the increasing use of fractionated approaches for complex cases and the importance 

of optimization as utilized in this physics-based approach in modern radiosurgical practice, particularly in enhancing 

treatment efficacy and minimizing side effects for patients undergoing Gamma Knife radiosurgery. 

 

4.5. Correlation Analysis Between Physics and Radiobiological Parameters 

  The current study's correlation results suggest that there is a radiobiological effect of physical delivery 

parameters in Gamma Knife radiosurgery, specifically dose rate and beam-on time. The dose rate was strongly negatively 

correlated with the Lea-Catcheside repair factor (r = −0.62, p < 0.001), suggesting that a lower effective dose rate results 

in greater repair during the delivery of the dose. This finding is in line with Kirkpatrick et al. (31), who performed a 

contemporary radiobiological analysis demonstrating that prolonged dose delivery and reduced dose rate increase repair 

probability and modulate biological effectiveness. 

Moreover, beam-on time was found to be inversely correlated with NTCP (r = −0.41, p = 0.01), implying that 

dose redistribution in time reduces the probability of normal tissue complications. This is consistent with recent clinical 

reports, such as the dose-staged Gamma Knife treatment study by Gong et al. (15), where tumor control probabilities 

over 97% and negligible long-term complications were reported in the treatment of large or complex meningiomas. These 

observations are supportive of the idea that fractionation (temporal dose redistribution) and longer beam-on time increase 

the therapeutic ratio, by providing exposure time for normal tissues to repair. 

However, we found no significant correlation between BED and tumor control probability (r = 0.12, p = 0.29), 

despite the significantly greater BED in those treated in a single session. Tumor control probability was equally high in 

both groups (0.990 ± 0.004 vs. 0.989 ± 0.003, p = 0.303), indicating a dose plateau effect for benign meningiomas. This 

finding is in line with recent reports by Goldman et al. (33) that tumor control probabilities were higher than 90–97% 

after Gamma Knife radiosurgery, independent of the radiosurgery strategy used, suggesting that once a certain 

radiobiological effect is achieved, further dose escalation is of little additional benefit. 

Additionally, the lower NTCP in the multi-session group (0.011 ± 0.008 vs. 0.021 ± 0.014, p = 0.020) supports 

the radiobiological benefits of fractionation. Similar results were observed by Kazemi et al. (29) with recent Gamma 

Knife hypofractionated studies that have shown significantly reduced complication rates with multi-session radiosurgery 

compared to single-session radiosurgery for larger tumors, and those in proximity to critical structures. 

 

5. CONCLUSION 

This study offers a detailed physics-based analysis of Cobalt-60-based Gamma Knife radiosurgery through the 

incorporation of dose-rate properties, temporal delivery, and a radiobiological model. The results show that, despite the 

greater biological effective dose associated with single-session radiosurgery, there is no enhancement in the probability 

of tumor control, indicating that the dose reaches a plateau in benign meningiomas. Multi-session treatment, in contrast, 

is able to obtain a similar tumor control level and is much less susceptible to normal tissue complications, which indicates 

a higher therapeutic ratio. 

Nuclear and medical physics in nuclear and medical physics, time-dependence of dose delivery is stressed in its 

results. The low effective dose rate, increased beam-on time, and source decay were found to have effects on sublethal 

repair of damage as indicated by the significant correlation of dose rate and Lea–Catcheside factor. All these effects have 

the advantage of improving normal tissue sparing without rendering the treatment less effective. 
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The combination of the physical parameters and radiobiological outcome modeling is a more realistic 

description of Gamma Knife dose delivery than the conventional methods, as it allows for better prediction of treatment 

outcomes and minimizes damage to surrounding healthy tissue. In general, multi-session Gamma Knife radiosurgery is 

a biologically and physically best practice approach in treating intracranial meningioma, especially in complicated 

clinical cases where the retention of normal tissue is paramount. 

 

REFERENCES 

[1] Wang H, Chu J, Ren Y, Deng W, Zhang L, Shen L, et al. Advances in Radiation/Photon therapy technology 

for the treatment of brain metastases. Journal of Innovative Optical Health Sciences. 2025. 

doi:10.1142/S1793545825300058 

 

[2] Muçollari I, Xhumari A, Aliraj A, Mano A, Braçe G, Tafaj R, et al. The treatment plan of brain metastases 

with stereotactic radiosurgery. In: AIP Conference Proceedings. 2019. doi:10.1063/1.5091358 

 

[3]       Gilbo P, Zhang I, Knisely J. Stereotactic radiosurgery of the brain: A review of common indications. Chinese 

Clinical Oncology. 2017. doi:10.21037/cco.2017.06.07 

 

[4] Naish MG, Al-Sudani T, Sami S, Alazawy NM. Comparative study of gamma knife treatment between 

patients with metastasis and meningioma using the efficiency index. Immunopathologia Persa. 2025. 

 

[5] Mohammed N, Alazawy A, Almusawi MS, Alabedi HH, Faraj MK. Gamma Knife Versus Volumetric Arc 

Modulated Therapy in a Linear Accelerator in Treatment of Multiple Brain Metastasis: Literature Review. Pioneering 

Medical Sciences. 2024;13(2):93–100. 

 

[6] Cho HJ, Lee JM, Park SH, Park JB, Jung NY. The Efficacy and Tolerability of Radiosurgery in Treating 

Benign Meningiomas: A Dose Comparison Study from a Single-Center Analysis. 2024;14(6). 

doi:10.3390/life14060664 

 

[7] Sminia P, Guipaud O, Viktorsson K, Ahire V, Baatout S, Boterberg T, et al. Clinical Radiobiology for 

Radiation Oncology. In: Radiobiology Textbook. 2023. doi:10.1007/978-3-031-18810-7_5 

 

[8] Moghaddasi L, Reid P, Bezak E, Marcu LG. Radiobiological and Treatment-Related Aspects of Spatially 

Fractionated Radiotherapy. International Journal of Molecular Sciences 2022, Vol 23, 2022 Mar 20;23(6). 

doi:10.3390/ijms23063366 PubMed PMID: 35328787. 

 

[9] Ferro-Flores G, Azorín-Vega E, Ocampo-García B, Luna-Gutiérrez M, Cruz-Nova P, Meléndez-Alafort L. 

Effects of Targeted Radionuclide Therapy on Cancer Cells Beyond the Ablative Radiation Dose. International Journal 

of Molecular Sciences 2025, Vol 26, 2025 Jul 20;26(14). doi:10.3390/ijms26146968 PubMed PMID: 40725216. 

 

[10] Kehwar TS, Das IJ. Dosimetric and Radiobiological Evaluation of Inhomogeneity-Corrected Dose 

Distribution in Prophylactic Radiotherapy for Heterotopic Ossification. Journal of Clinical Medicine 2025, Vol 14, 

2025 Jul 26;14(15). doi:10.3390/jcm14155291 

 

[11] Jomy J, Lin KX, Sharma R, Lu R, Kaushal S, Santiago AT, et al. Biologically Effective Dose and Dose Rate 

in Gamma Knife Radiosurgery for Trigeminal Neuralgia: A Systematic Review and Meta-Analysis. Adv Radiat Oncol. 

2025 Jan 1;11(1):101932. doi: 10.1016/j.adro.2025.101932 PubMed PMID: 41362409. 

 

[12] Deng H, Huang X, Wang Q, Gao Y, Wang M, Wu Y, et al. The Role of Biological Effective Dose in Gamma 

Knife Radiosurgery: A Systematic Review Across Multiple Indications. Journal of Clinical Medicine 2026, Vol 15, 

2026 Jan 5;15(1). doi:10.3390/jcm15010381 

 

[13] Kann BH, Yu JB, Stahl JM, Bond JE, Loiselle C, Chiang VL, et al. The impact of cobalt-60 source age on 

biologically effective dose in high-dose functional Gamma Knife radiosurgery. J Neurosurg. 2016;125. 

doi:10.3171/2016.6. gks161497 

 

[14]. Chabaytah N, Dumančić M, Asante EC, Connell T, Witcher M, Abbasinejad Enger S. Assessing 

radiosensitivity through sublethal damage recovery: a comparison of survival-based and molecular repair kinetics. Phys 

Med Biol. 2025;70(12). doi:10.1088/1361-6560/ade221 



Lubna., Wasit Journal for Pure Science Vol. 5 No. 1 (2026) p. 101-113 

 

 

 113 

[15]. Gong X, Ding J, Knisely JPS, Wang E, Pan L, Wang B, et al. Dose-staged Gamma Knife radiosurgery for 

meningiomas: A retrospective study in a single center. Front Neurol. 2022 Oct 13; 13:893480. 

doi:10.3389/fneur.2022.893480 

 

[16]. Kuperman VY, Spradlin GS. Use of radiation protraction to escalate biologically effective dose to the 

treatment target. Med Phys. 2011;38(12):6553–60. doi:10.1118/1.3656053 PubMed PMID: 22149837. 

 

[17]. Kutuk T, Tolakanahalli R, McAllister NC, Hall MD, Tom MC, Rubens M, et al. Pulsed-Reduced Dose Rate 

(PRDR) Radiotherapy for Recurrent Primary Central Nervous System Malignancies: Dosimetric and Clinical Results. 

Cancers (Basel). 2022;14(12). doi:10.3390/cancers14122946 

 

[18]. Clement CH, Stewart FA, Akleyev A V., Hauer-Jensen M, Hendry JH, Kleiman NJ, et al. ICRP publication 

118: ICRP Statement on Tissue Reactions and Early and Late Effects of Radiation in Normal Tissues and Organs 

Ã¢â‚¬â€• Threshold Doses for Tissue Reactions in a Radiation Protection Context. Ann ICRP. 2012;41(1–2). doi: 

10.1016/j.icrp.2012.02.001 

 

[19]. Hall EJ, Giaccia AJ. Radiobiology for the radiologist: Seventh edition. Radiobiology for the Radiologist: 

Seventh Edition. 2012. 

 

[20]. Fowler JF. 21 years of Biologically Effective Dose. Br J Radiol. 2010 Jul;83(991):554. 

doi:10.1259/bjr/31372149 PubMed PMID: 20603408. 

 

[21]. Khan FM, Gibbons JP. Khan’s The Physics of Radiation Therapy. Khan’s The Physics of Radiation Therapy. 

6th ed. Lippincott Williams & Wilkins; 2019. 1–570 p. doi: 10.4103/jmp.jmp_17_20 

 

[22]. Mcintosh D. Book Review: Basic Clinical Radiobiology. Scott Med J. 2010;55(1). doi:10 

1258/rsmsmj.55.1.33 

 

[23]. He R, Duggar WN, Yang CC, Vijayakumar S. Model development of dose and volume predictors for 

esophagitis induced during chemoradiotherapy for lung cancer as a step towards radiobiological treatment planning. 

BMC Pulm Med. 2023;23(1). doi:10.1186/s12890-023-02667-2 

 

[24]. Zeverino M, Jaccard M, Patin D, Ryckx N, Marguet M, Tuleasca C, et al. Commissioning of the Leksell 

Gamma Knife® IconTM. Med Phys. 2017 Feb 1;44(2):355–63. doi:10.1002/MP.12052 PubMed PMID: 28133748. 

 

[25]. Watanabe Y, Warmington L, Gopishankar N. Three-dimensional radiation dosimetry using polymer gel and 

solid radiochromic polymer: From basics to clinical applications. World J Radiol. 2017;9(3):112.  

doi:10.4329/WJR.V9.I3.112 PubMed PMID: 28396725. 

 

[26]. Deng H, Huang X, Wang Q, Gao Y, Wang M, Wu Y, et al. The Role of Biological Effective Dose in Gamma 

Knife Radiosurgery: A Systematic Review Across Multiple Indications. Journal of Clinical Medicine 2026, Vol 15,. 

2026 Jan 5;15(1). doi:10.3390/jcm15010381 

 

[27]. Samanci Y, Ali Tepebasili M, Deniz Ardor G, Haluk Duzkalir A, Orbay Askeroglu M, Peker S. Efficacy of 

hypofractionated Gamma Knife radiosurgery in treating surgical beds of metastatic brain tumors. J Clin Neurosci. 2024 

Mar 1; 121:105–13. doi: 10.1016/j.jocn.2024.02.020 PubMed PMID: 38387112. 

 

[28]. Park HR, Lee JM, Park KW, Kim JH, Jeong SS, Kim JW, et al. Fractionated Gamma Knife Radiosurgery as 

Initial Treatment for Large Skull Base Meningioma. Exp Neurobiol. 2018 Jun 1;27(3):245. 

doi:10.5607/en.2018.27.3.245 PubMed PMID: 30022876. 

 

[29]. Kazemi F, Tabibkhooei A, Naghshbandi M, Ghorbani kalkhaje V, Javadnia P. Neurological outcomes after 

gamma knife radiosurgery for symptomatic skull base meningiomas based on their locations: Single institution 

experience. Interdisciplinary Neurosurgery. 2024 Jun 1;36(3):101899. doi: 10.1016/j.inat.2023.101899 

 

[30]. Poon TL, See KW, Poon TL, See KW. Overview of Radiosurgery for Intracranial Meningiomas. Brain 

Tumors. 2021 Sep 13. doi:10.5772/intechopen.100006 

[31]. Kirkpatrick JP, Meyer JJ, Marks LB. The Linear-Quadratic Model Is Inappropriate to Model High Dose per 

Fraction Effects in Radiosurgery. Semin Radiat Oncol. 2008;18(4). doi: 10.1016/j.semradonc.2008.04.005 

  


