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With advancements in medical technology, stereotactic radiosurgery (SRS) has
become an essential option for treating benign intracranial tumors. Due to its
minimal side effects and high local control rate, SRS is widely applied. This paper
evaluates the plan quality and secondary cancer risk (SCR) in patients with benign
intracranial tumors treated with the CyberKnife M6 system. The CyberKnife M6
robotic radiosurgery system features both multileaf collimator (MLC) and IRIS
variable aperture collimator systems, providing different treatment options. The
study included 15 patients treated with the CyberKnife M6 system, examining the
differences in plan quality and SCR between MLC and IRIS systems. Results
showed that MLC and IRIS plans had equal PTV (planning target volume)
coverage (98.57% vs. 98.75%). However, MLC plans demonstrated better dose
falloff and conformity index (Cl: 1.81 + 0.26 vs. 1.92 + 0.27, P = 0.025). SCR
assessment indicated that MLC plans had lower cancer risk estimates, with IRIS
plans having average LAR (lifetime attributable risk) and EAR (excess absolute risk)
values approximately 25% higher for cancer induction and 15% higher for
sarcoma induction compared to MLC plans. The study showed that increasing
tumor volume increases SCR probability, but there was no significant difference
between different plans in PTV and brainstem analyses.

KEYWORDS

stereotactic radiosurgery (SRS), CyberKnife M6, multileaf collimator (MLC), iris
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Abbreviations: SRS, Stereotactic Radiosurgery; CyberKnife M6, CyberKnife M6 Robotic Radiosurgery
System; MLC, Multileaf Collimator; IRIS, Variable Aperture Collimator System; SCR, Secondary Cancer
Risk; PTV, Planning Target Volume; CI, Conformity Index; PD, Peripheral Dose; MU, Monitor Unit; DVH,
Dose-Volume Histogram; LAR, Lifetime Attributable Risk; EAR, Excess Absolute Risk; OED, Organ
Equivalent Dose; BEIR VII, Biological Effects of Ionizing Radiation VII Model; BED, Biologically Effective
Dose; VMAT, Volumetric Modulated Arc Therapy; Proton Therapy, A type of radiotherapy using protons for

treating cancer.

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fonc.2024.1453256/full
https://www.frontiersin.org/articles/10.3389/fonc.2024.1453256/full
https://www.frontiersin.org/articles/10.3389/fonc.2024.1453256/full
https://www.frontiersin.org/articles/10.3389/fonc.2024.1453256/full
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2024.1453256&domain=pdf&date_stamp=2024-08-07
mailto:tflee@nkust.edu.tw
https://doi.org/10.3389/fonc.2024.1453256
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2024.1453256
https://www.frontiersin.org/journals/oncology

Chao and Lee

Introduction

With advancements in medical technology, stereotactic
radiosurgery (SRS) has become an essential option for treating
benign intracranial tumors. SRS is widely used due to its minimal
side effects and good local control rates. The CyberKnife M6 robotic
radiosurgery system is an advanced SRS device that offers different
treatment options through its multileaf collimator (MLC) and IRIS
variable aperture collimator systems (1-3). This study evaluates the
plan quality and secondary cancer risk (SCR) in patients with benign
intracranial tumors treated with the CyberKnife M6 system (4).

Despite the significant success of SRS in treating benign
intracranial tumors, SCR remains a critical concern, particularly
for younger patients. Radiotherapy can expose healthy tissues to
unnecessary radiation doses, increasing the risk of SCR. Therefore,
it is necessary to compare different radiotherapy techniques to
ensure optimal treatment outcomes while minimizing long-term
risks. This study aims to address several core questions:

1. What are the differences in plan quality between MLC and
IRIS collimator systems in the CyberKnife M6 system?

2. How do these systems impact the radiation dose to healthy
tissues when treating benign intracranial tumors?

3. What are the differences in SCR assessment between MLC
and IRIS systems?

4. Which technology can provide effective treatment while
minimizing SCR?

The significance of this study lies in several aspects:

1. Clinical Application Guidance: The results of this study will
provide essential references for clinicians in selecting
radiotherapy plans, helping them choose the optimal
treatment technique based on specific patient conditions.

2. Patient Safety: Understanding the SCR differences between
different technologies helps develop safer treatment plans,
reducing long-term risks for patients, especially younger ones.

3. Technological Improvement: Comparing the advantages and
disadvantages of different collimator systems can promote
further advancements and innovations in radiotherapy
technology, enhancing overall treatment levels.

4. Scientific Research Foundation: The data and analysis
provided by this study will lay the foundation for future
related research, driving further development in the field
of radiotherapy.

Literature review

SRS is a highly precise radiotherapy technique that can concentrate
high doses of radiation on the tumor area while minimizing damage to
surrounding healthy tissues. Previous studies have shown that SRS has
significant local control rates and low side effects in treating benign
intracranial tumors and brain metastases (5-7). Additionally, SRS is
used as an adjunct to surgical resection to enhance treatment outcomes.
However, long-term SCR remains a key consideration for younger
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patients. Studies indicate that peripheral dose (PD) is an essential factor
affecting SCR, primarily composed of scatter radiation from the
treatment machine head and collimators (8-10). Factors influencing
PD include collimator type, monitor units (MU), collimator size,
number of beams, and beam angles. According to Delaby et al., PD
during brain SRS with the CyberKnife M6 system is approximately
0.06% of MU with a 20 mm fixed collimator and 0.04% with an IRIS
collimator (11).

Plan quality evaluation typically includes dosimetric indices
such as planning target volume (PTV) coverage, conformity index
(CI), and dose gradients (R10% and R50%). Studies have found that
MLC plans have better dose gradients and lower SCR compared to
IRIS plans. Jang et al. reported that MLC plans had slightly higher
CI values in single and multiple brain metastases patients compared
to IRIS plans (12). SCR assessment usually employs the organ
equivalent dose (OED) concept and excess absolute risk (EAR)
analysis. Schneider et al.’s model considers the effects of
repopulation, proliferation, and cell killing, while the BEIR VII
model, based on epidemiological data from Hiroshima atomic
bomb survivors, is also used for comparison (2, 13). Overall,
SRS’s application in intracranial tumor treatment has been
extensively studied and proven effective. However, SCR for
younger patients requires careful evaluation. Choosing the
appropriate collimator system and optimizing radiotherapy plans
can improve treatment outcomes while reducing long-term risks.
Future research should focus on larger patient cohorts and long-
term follow-up to further validate these findings.

Methods
Patient data

The study included 15 patients with benign intracranial tumors
treated with the CyberKnife M6 system (4). Each patient’s tumor
had a median volume of 6.43 cm® (range 0.33-29.72 cm?), and the
age range was 15 to 67 years (median 54 years). All patients received
treatment using either the MLC or IRIS collimator system. The
diverse age range and tumor volume help assess the CyberKnife M6
system’s efficacy and risks across different ages and tumor sizes.
However, the sample size of only 15 patients may not provide
statistically significant conclusions, suggesting the need for larger
samples in future studies to enhance reliability and generalizability.

Treatment planning

Treatment plans were created using the Multiplan treatment
planning software (version 5.1.3). LightSpeed RT16 CT simulation
scans and MRI image fusion were used to delineate the planning
target volume (PTV), ensuring precise dose delivery to the tumor
area. Applying a minimum dose to cover >95% of the target is a
reasonable treatment goal, ensuring treatment efficacy while
maximizing the protection of surrounding healthy tissues. These
methods comply with clinical standards, providing accurate
dosimetric data.
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Dosimetric evaluation

Evaluating plan quality using dosimetric indices like PTV
coverage and the conformity index (CI) is a common and
effective method. These calculations enable a quantitative
assessment of a treatment plan’s efficacy and safety. The indices
help to discern performance differences between collimator
systems, providing a basis for optimizing treatment plans.
However, these evaluations mainly focus on the geometric
characteristics of dose distribution and do not consider biological
responses. Future studies should incorporate biological dosimetry
assessments for a more comprehensive evaluation of plan quality.

In this study, the conformity index (CI) is calculated using the
definition: CI = PIV/TIV, where TIV is the target isodose volume,
and PIV is the volume of treatment with the prescribed isodose.
This definition assesses how well the prescription dose conforms to
the target volume, indicating the precision of dose delivery to the
target area. Additionally, coverage is defined as Coverage = TIV/
PTV, with TIV being the target isodose volume and PTV being the
planning target volume.

For gradient indices, we used the following definitions: R50% is
defined as the ratio of the volume receiving 50% of the prescribed
dose (V50%) to the PTV, and R10% is defined as the ratio of the
volume receiving 10% of the prescribed dose (V10%) to the PTV.
These indices measure the dose distribution gradient and falloff in
the treatment plans, ensuring the dosimetric quality and
effectiveness of the radiation therapy.

Secondary cancer risk assessment

Using Schneider’s and BEIR VII models for SCR assessment is a
reasonable choice (13, 14). These models consider different dose-
response relationships and provide cancer risk estimates. Extracting
dose-volume histogram (DVH) data and applying these models can
quantify SCR for different treatment plans. However, these models
are based on assumptions and statistical data, which may contain
uncertainties. It is recommended to consider model limitations
when evaluating results and, if possible, conduct long-term follow-
up to verify these risk estimates. Overall, the methodology is
suitable for assessing plan quality and SCR in treating benign
intracranial tumors with the CyberKnife M6 system. However,
the small sample size suggests the need for larger-scale studies in
the future to enhance the reliability and generalizability of results.
Combining biological dosimetry assessments and long-term follow-
up will help provide a more comprehensive risk assessment.

Results

Dosimetric results

The dosimetric analysis presented in Table 1 reveals the
comparative effectiveness of MLC and IRIS plans in CyberKnife
radiosurgery, highlighting their implications for secondary cancer
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risk (SCR) management. Both MLC and IRIS plans show similar
PTV coverage, with 98.57% for MLC and 98.75% for IRIS,
indicating effective tumor coverage by both techniques. However,
MLC plans demonstrate superior performance in dose falloff,
evidenced by lower R50% and R10% values. This suggests more
rapid dose attenuation around the tumor, providing better
protection for surrounding healthy tissues.

Additionally, the Conformity Index (CI) analysis further
distinguishes the two, showing that MLC plans conform more
accurately to the tumor shape with a CI of 1.81 + 0.26, compared to
IRIS plans at 1.92 + 0.27, with the difference being statistically
significant (P = 0.025). This indicates that MLC plans not only target
the tumor more precisely but also minimize radiation exposure to
adjacent healthy tissues more effectively.

Table 1 emphasizes these dosimetric advantages, with the lower
CI values in MLC plans reflecting their enhanced precision and
reduced exposure to surrounding tissues, a critical factor in
minimizing SCR. The lower R50% values for MLC plans
underscore their superior high-dose containment within the target,
an advantage that is quantitatively supported by the R50% and R10%
ratios and confirmed by significant Wilcoxon Signed-Rank p-values.

Overall, this integrated analysis underscores the superiority of
MLC plans in terms of both high-dose control and conformity,
making them a safer option for radiosurgery. The insights derived
from Table 1 are crucial for clinicians aiming to optimize treatment
strategies and enhance patient safety, offering better control over
radiation doses with a comparable spread of low doses.

OAR dose commentary

This study analyzed the dose impact on OAR during
radiosurgery for benign intracranial tumors using the CyberKnife
M6 system. It found significant differences in the dose impacts on
various OARs between MLC and IRIS plans. For instance, the optic
chiasm received lower doses in MLC plans with average and
maximum doses of 0.91 Gy and 2.09 Gy respectively, compared
to 1.41 Gy and 2.76 Gy in IRIS plans. Similarly, the right optic nerve
and brainstem also showed reduced dose impacts in MLC plans,
emphasizing its better shielding effect compared to IRIS. In terms of
soft tissue, while the average doses were lower in MLC plans (1.31
Gy vs. 1.46 Gy in IRIS), the maximum doses were slightly higher
(18.51 Gy vs. 18.31 Gy), showing a negligible difference.

Dose gradient effects and
clinical implications

The dose gradient effects, assessed through R50% and R10%,
underscored the superior performance of MLC plans in controlling
high-dose regions. The R50% values were 4.64 + 1.20 for MLC and
5.52 + 1.41 for IRIS, with the MLC/IRIS ratio at 0.84 indicating a
better dose fall-off in high-dose areas (P < 0.05). Conversely, R10%
values showed no significant difference between the plans, with
MLC achieving 54.99 + 28.92 compared to IRIS’s 54.00 + 25.60,
reinforcing that both plans managed low-dose spread equally well.
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TABLE 1 Comparative analysis of dosimetric quality and SCR between MLC and IRIS plans in cyberKnife radiosurgery.

Plan PTV Cov- Coalaetrigge Conformity Vzl:l:Je
Type erage (%) (MLC/IRIS) Index (Cl) o)
MLC 9857 ‘ 0.9981 ‘ 1.81 £ 0.26

IRIS  98.75 ‘ ‘ 192 £ 027 ‘

R50% (Mean

+ SD, Median)

‘ 0.025 ‘ 4.64 + 1.20, 4.56

552 + 141,574

R10% (Mean
+ SD, Median)

R50% Ratio
(MLC/IRIS)

R10% Ratio
(MLC/IRIS)

54.99 + 28.92,45.56 = 0.84 1.02

54.00 + 25.60, 45.74

data represent mean + SD (median); With a p-value of 0.05 from the Wilcoxon Signed Ranked Test; R50%, which is represented by the ratio of the volume covered by the 50% prescription
isodose line of the maximum target dose (D50%) to the target volume; R10%, which is represented by the ratio of the volume covered by the 10% prescription isodose line of the maximum target

dose (D10%) to the target volume.

MLC, multi-leaf collimator; IRIS, Iris collimator; EAR, Excess Absolute Risk; CI, conformal index.

Secondary cancer risk

SCR assessment showed that MLC plans had lower cancer risk
estimates across various SCR models. Specifically, IRIS plans had
average LAR (lifetime attributable risk) and EAR (excess absolute
risk) values approximately 25% higher for cancer induction and 15%
higher for sarcoma induction compared to MLC plans. This indicates
that, despite similar PTV coverage and CI between the two plans,
MLC plans more effectively reduce long-term SCR. The study also
showed that increasing tumor volume increases SCR probability, but
there was no significant difference between different plans in PTV
and brainstem analyses, suggesting that SCR is mainly influenced by
tumor volume rather than the plan type.

These findings indicate that, despite similar PTV coverage between
MLC and IRIS plans, MLC plans perform better in dose falloff and
conformity, effectively reducing long-term SCR. This is significant for
clinical practice, as choosing the appropriate collimator system can
ensure treatment effectiveness while significantly reducing long-term
health risks, especially for younger patients.

Impact of lesion size/treatment size on
SCR in stereotactic radiosurgery

Using the CyberKnife M6 robotic radiosurgery system, this
study explored how lesion size and treatment volume impact SCR,
analyzing the dosimetric quality of different plans (MLC and IRIS)
and their implications.

a. Impact of Lesion Size on SCR: The research findings indicate
that larger tumor volumes are directly correlated with an
increased probability of SCR. Although no significant
differences were noted between the MLC and IRIS plans
in treating the planning target volume (PTV) and
brainstem, significant differences in excess absolute risk
(EAR) were observed in soft tissues, particularly with tumor
volumes ranging from 1-10 cc and exceeding 10 cc.

b. Impact of Treatment Plans on SCR: Using the Schneider and
BEIR VII models to assess SCR risks, the study found that
the IRIS plan exhibited average lifetime attributable risk
(LAR)/EAR values approximately 25% higher for cancer
induction and 15% higher for sarcoma induction than the
MLC plan. The MLC plan demonstrated superior dose
gradient and conformity, suggesting a lower risk of SCR.
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Notably, the EAR/LAR values for the IRIS plan were
slightly higher than those for the MLC plan across all
patients, especially in soft tissues.

c. Key findings from Supplementary Figures S1, S2 in (4): These
figures underscore the substantial effects that lesion size and
treatment modalities (MLC vs. IRIS) have on SCR in patients
undergoing treatment with the CyberKnife M6 system. They
detail how the organ equivalent dose (OED)/EAR and OED/
lifetime attributable risk (LAR) values vary with patient age,
treatment size, and targeted organs, emphasizing that
younger patients and larger treatment sizes generally lead
to increased SCR. These insights are invaluable for refining
treatment plans, aiming to enhance patient safety and
efficacy in radiosurgical strategies.

This synthesis highlights the intricate relationship between
treatment strategy, lesion size, and the consequent risk of secondary
cancers, illustrating the necessity of careful planning to mitigate long-
term risks while maximizing the therapeutic outcomes of radiosurgery.

Discussion

The study demonstrates that MLC plans of the CyberKnife M6
system are superior to IRIS plans in terms of dosimetric quality and
SCR reduction. MLC plans offer better conformity and dose
gradients, making them more effective at reducing SCR, particularly
in cases with increasing target volume—a factor that significantly
elevates SCR risks and should be carefully considered in plan design.

Moreover, MLC plans not only reduce doses to OAR more
effectively than IRIS plans, especially in high-dose gradients, but
also potentially lower SCR risks. The advantages of MLC plans,
including refined control over radiation doses and enhanced
protection of critical structures, make them the preferred choice
in clinical settings. These results underscore the significant impact
that both lesion size and treatment plans have on SCR. The superior
dose gradient and conformity of the MLC plans contribute to their
effectiveness in mitigating these risks, offering vital insights for the
clinical selection and optimization of radiotherapy plans.

More research should focus on validating these findings through
studies with larger sample sizes and extended follow-ups. This will not
only optimize radiotherapy strategies and improve treatment outcomes
for patients with intracranial tumors but will also help to substantiate
these results and provide more comprehensive clinical guidance.
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Current state of related research

In discussing the current state of related research, it is necessary
to consider various radiotherapy technologies, dosimetric indices,
SCR assessment methods, and their impact on the treatment of
benign intracranial tumors.

1. Development of Radiotherapy Technologies: Radiotherapy
technology is continually evolving, and SRS has become an
important method for treating benign intracranial tumors
(15). The CyberKnife M6 robotic radiosurgery system,
known for its high precision and flexibility, is an
advanced device in SRS. Other technologies like MLC
and IRIS collimator systems are also widely used
clinically. Studies have shown that these technologies
significantly improve treatment outcomes and reduce
doses to healthy tissues.

. Dosimetric Indices and Plan Quality Assessment:
Dosimetric indices are crucial standards for assessing
radiotherapy plan quality. Indices like PTV coverage,
conformity index (CI), and dose gradients (R10% and
R50%) are used to evaluate the accuracy and effectiveness
of treatment plans (16, 17). Literature indicates that MLC
plans perform better than IRIS plans in terms of conformity
and dose gradients. Additionally, MLC plans’ superior dose
falloff helps protect surrounding healthy tissues and reduce
side effects.

. Secondary Cancer Risk (SCR) Assessment: SCR is a
significant consideration in radiotherapy. Schneider and
BEIR VII models are commonly used for SCR assessment.
Studies have shown that MLC plans exhibit lower cancer
risk estimates across SCR models. However, SCR
assessment still has uncertainties, requiring further
research to improve dose-response models (18).

. Comparison of Different Radiotherapy Technologies:
Besides MLC and IRIS technologies, other radiotherapy
technologies like proton therapy and volumetric modulated
arc therapy (VMAT) are also applied clinically. Proton
therapy, with its superior dose distribution characteristics,
better protects healthy tissues and has shown potential in
reducing SCR in some studies. However, the high cost and
equipment requirements limit its widespread
application (19).

. Long-term Follow-up Studies: Most current SCR studies rely
on short-term data, lacking long-term follow-up. Since SCR
usually manifests years after treatment, future studies need
long-term follow-up to comprehensively evaluate the long-
term risks and effects of different treatment technologies.

Future research directions

Based on the study results, future research can delve deeper into
the following aspects:
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1. Expanding Sample Size: The study included a small sample
size (15 patients). Future research should expand the
sample size to improve the statistical significance and
reliability of results. Additionally, including more age
groups and different types of benign intracranial tumors
will ensure the generalizability of the results.

. Long-term Follow-up: Since SCR usually requires a long
time to manifest, future studies should conduct long-term
follow-up to monitor the long-term health status of patients
treated with the CyberKnife M6 system. This will help
accurately assess the long-term effects and potential risks
of radiotherapy.

. Comparing Different Radiotherapy Technologies: Besides
MLC and IRIS technologies, future research should
compare other advanced radiotherapy technologies like
proton therapy and VMAT to assess their performance in
plan quality and SCR. This will help identify the best
treatment options to maximize treatment effectiveness
and minimize risks.

. Improving Dose-response Models: Current dose-response
models have some uncertainties. Future research should
aim to improve these models, especially for high-dose and
non-uniform dose distributions. Combining biologically
effective dose (BED) and more precise cellular-level
response data will enhance the accuracy of SCR estimates.

. Multimodal Treatment Combinations: Considering the
pros and cons of different treatment modes, future
research should explore combining radiotherapy with
other treatments like surgery and drug therapy to achieve
better treatment outcomes. Studies should include
evaluating the impact of these multimodal treatments on
SCR and other adverse reactions.

. Application of Machine Learning and Artificial
Intelligence: With the rapid development of data science
and artificial intelligence, future research can use machine
learning algorithms to optimize radiotherapy plans. By
analyzing large amounts of patient data, machine learning
can help identify optimal treatment parameters, further
improving treatment effectiveness and reducing risks.

These future research directions will not only improve the
effectiveness of radiotherapy for benign intracranial tumors but
also reduce treatment-related long-term risks, ultimately improving
overall patient prognosis and quality of life.

Conclusion

The study results show that MLC plans have better performance
in plan quality and reducing secondary cancer risk (SCR). Although
IRIS plans have some advantages in treating small targets, overall,
MLC plans are the superior choice. Specifically, MLC plans
outperform IRIS plans in conformity index (CI), dose gradients
(R50% and R10%), and SCR assessment.
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This study provides valuable references for selecting
radiotherapy plans, particularly recommending the use of MLC
plans when treating benign intracranial tumors. This not only
ensures treatment effectiveness but also significantly reduces long-
term health risks, especially for younger patients.

Overall, the study emphasizes the advantages of using the MLC
collimator system and recommends prioritizing MLC plans when
treating benign intracranial tumors. Future research should
continue exploring the performance of different plans in larger
sample sizes and long-term follow-ups to further validate these
findings and provide more comprehensive clinical guidance.
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