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Purpose: This study aimed to enhance safety
during system upgrades of radiation therapy
equipment by developing a comprehensive
risk management framework that
incorporates Failure Modes and Effects
Analysis (FMEA) and Quality Indicators (QIs).
The clinical applicability and utility of this
framework as a quantitative approach for
evaluating operational improvements were
investigated.

Methods: The proposed framework was
applied to a system upgrade from
TomoTherapy (Accuray) to Radixact (Accuray).
A multidisciplinary team consisting of a
radiation oncologist, nurse, radiation
therapist, and medical physicist performed an
FMEA in accordance with AAPM TG-100 and
constructed a process map spanning machine
acceptance through treatment initiation.
Failure modes (FMs) were identified at each
process step, and Risk Priority Numbers
(RPNs) were calculated based on occurrence,
severity, and detectability. The top 20% of
high-risk FMs were selected for risk-reduction
interventions. Concurrently, radiation-
therapy-specific QIs proposed by Mizuno et
al. were assessed before upgrade and again
two months after clinical implementation,
and improvement measures were undertaken
for indicators with insufficient achievement.
Changes in RPNs and QI achievement rates
before and after the upgrade were compared,
and their relationship was evaluated.

Results: Twenty processes were identified,
yielding 214 FMs. Among these, 42 high-risk
FMs were prioritized, and their mean RPN
decreased markedly from 149.4 to 68.3
following the upgrade, demonstrating
substantial risk reduction. The QI
achievement rate improved from 46% pre-
upgrade to 77% post-implementation.
Moreover, the trend in RPNs sreduction was
consistent with improvements in QI
performance.

Conclusions: The comprehensive risk
management framework that incorporates
FMEA and QIs demonstrated clinical value by
improving safety during a system upgrade and
enabling quantitative assessment of risk-
reduction effects. This methodology may be
applicable to new equipment installations
and operational transitions, contributing to
continuous quality management in radiation
therapy.

The overall risk management framework is shown in Fig. 1.
FMEA results: Twenty clinical processes were identified, yielding 214
failure modes (FMs). Among these, 42 high-risk FMs (top 20% by
RPN) were prioritized for mitigation (Table 1). Following
implementation of corrective actions, the mean RPN of high-risk FMs
decreased from 149.4 to 68.3.
QI results: The overall QI achievement rate improved from 46%
before the system upgrade to 77% after clinical implementation.
Improvements were observed following interventions targeting
unachieved indicators, including procedure standardization, checklist
implementation, and enhanced multidisciplinary communication.
Reductions in RPNs were accompanied by improvements in QI
achievement rates.

Twenty clinical processes associated with the upgrade from TomoTherapy to Radixact were identified, resulting in 214 failure
modes (FMs), of which 42 high-risk FMs were mainly related to staff training, communication, quality assurance, and
commissioning rather than equipment issues, highlighting the importance of organizational and human factors.
After mitigation strategies such as standardization, checklists, and improved communication, the mean RPN decreased from
149.4 to 68.3, while QI achievement increased from 46% to 77%, indicating improved workflow reliability and compliance.
FMEA and QI showed consistent trends, with FMEA identifying latent risks and QI reflecting implementation effectiveness,
suggesting their complementary role in safety evaluation.
These findings indicate that system upgrade risks are largely driven by organizational factors; however, this was a single-
institution study with limited follow-up, and further validation is required.

This single-center before-and-after study evaluated a
comprehensive risk management framework
combining Failure Modes and Effects Analysis (FMEA)
and Quality Indicators (QIs) during the upgrade of a
radiotherapy system from TomoTherapy to Radixact
(Accuray Inc.).
A multidisciplinary team consisting of a radiation
oncologist, two nurses, two radiation therapists, and a
medical physicist conducted FMEA according to AAPM
TG-100. The clinical workflow was mapped , and
potential failure modes were identified and scored for
occurrence (O), severity (S), and detectability (D).
The Risk Priority Number (RPN) was calculated as the
product of these three scores.

 = O × S × D
Top 20% of RPNs→ Corrective actions

Quality Indicators (QIs) proposed by Mizuno et al. were
used to evaluate organizational structure, workflow
management, and compliance with recommended
practices2.

Unachieved QIs→ Corrective actions

RPNs and QI achievement rates were compared before
the upgrade and two months after clinical
implementation. Overall effectiveness was assessed by
integrating changes in process-related risks identified
by FMEA and changes in organizational and
operational performance measured by QIs.

Radiotherapy system upgrades are associated primarily with organizational and human-factor–related risks rather than
technical failures.
The combined use of FMEA and QIs effectively identified latent risks and verified the impact of mitigation strategies,
demonstrating their complementary value in improving clinical safety during system transitions.

Advances in radiotherapy technology have improved
treatment accuracy and clinical outcomes; however,
increasing system complexity has also increased the
risk of errors related to insufficient verification and
communication failures among healthcare
professionals. System upgrades, including software
updates, hardware modifications, and workflow
changes, may introduce new risks and require
enhanced safety management.
Failure Modes and Effects Analysis (FMEA),
recommended by AAPM TG-100, is widely used to
identify and prioritize potential risks within
radiotherapy processes1. However, FMEA primarily
focuses on process-related failure modes and provides
limited assessment of organizational performance and
operational compliance. In contrast, Quality Indicators
(QIs) can quantitatively evaluate organizational
structures, workflow management, and adherence to
procedures, but they are not designed to
comprehensively identify latent risks embedded within
clinical processes. Therefore, the limitations of one
approach may be complemented by the strengths of
the other.
Because radiotherapy involves multiple professionals
and complex workflows, a comprehensive approach to
risk management is essential. This study developed an
integrated framework combining FMEA and QIs for
radiotherapy system upgrades and evaluated its
usefulness for enhancing patient safety and supporting
operational improvement.
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Table 1. List of the Top 20% of RPNs Identified by the Pre-upgrade FMEA.


