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Abstract

The advancement of irradiation technology has increased the demand for quality control of radiation therapy equipment.
Consequently, the number of quality control items and required personnel have also increased. However, differences in the
proportion of qualified personnel to irradiation techniques have caused bias in quality control systems among institutions.
To standardize the quality across institutions, researchers should conduct mutual quality control by analyzing the quality
control data of one institution at another institution and comparing the results with those of their own institutions. This study
uses failure mode and effects analysis (FMEA) to identify potential risks in 12 radiation therapy institutions, compares the
results before and after implementation of mutual quality control, and examines the utility of mutual quality control in risk
reduction. Furthermore, a cost-effectiveness factor is introduced into FMEA to evaluate the utility of mutual quality control.
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1 Introduction

High-precision radiation therapy modalities, such as
intensity-modulated radiation therapy (IMRT), stereotactic
radiosurgery, and stereotactic body radiation therapy,
are more sensitive to instrumentation errors than three-
dimensional conformal radiation therapy (3D-CRT).
Therefore, stringent tolerances have been established in
various guidelines [1-4]. In addition, with the introduction
of volumetric modulated arc therapy and an increase
in the number of quality control items, the burden on
radiation therapy equipment’s quality control personnel
has increased. Several radiation therapy-related accidents
caused by incorrect entry or poor communication have
been reported [5]. The Japanese Society of Radiation
Oncology (JASTRO) recommends output dose evaluation
by a third-party output-evaluation organization at least
once every three years. Accordingly, various evaluation
methods have been reported [6—8]. However, in our
hospital group, differences in the number of qualified
personnel and the irradiation techniques employed have
resulted in differences in the quality control systems of
radiation therapy equipment. Therefore, we believe more
parameters than the ones proposed by the JASTRO require
quality control.

To standardize the quality control system within our
hospital group, we aimed to establish a mutual quality
control system in which data analysis related to the quality
control of our own institution is conducted in other insti-
tutions, and the results were compared with those of our
institutions [9]. However, because peer quality control is
not based on risk analysis, it cannot sufficiently address the
potential risks from the introduction of equipment to the
start of treatment and daily quality control. According to
the American Association of Physicists in Medicine Task
Group-100 (AAPM TG-100), most analyses performed in
the field of radiation therapy are based on failure mode and
effects analysis (FMEA) [10-15].

Amit et al. developed a quality assurance (QA) method
for dynamic multi-leaf collimators based on FMEA [16].
In addition, Jacqueline et al. studied specific QA items
for IMRT indicated in TG-40 and TG-142 by requesting
physicists in different regions to perform FMEA to iden-
tify the risks associated with these items [17-19]. Jennifer
et al. used FMEA to determine the frequency of QA testing
based on TG-142 [20].

Mutual quality control requires analysis of data from
other institutions in addition to the typical work. Per the
Labor Standards law in Japan, we assumed that an insti-
tution would pay its employee overtime (overtime work)
for support work. Therefore, the utility of mutual quality
control among institutions must be proven, considering

the cost of overtime (cost-effectiveness), which would not
have occurred in the case of quality control at a single
institution. Zhengzheng et al. incorporated the concept of
cost into FMEA in the field of radiation therapy [21]. An
FMEA of delays in the period from treatment planning CT
to the start of treatment was conducted, and an index of
socioeconomic impact named “RPNSE-EE” was proposed
and evaluated. However, few studies on FMEA and cost in
the day-to-day quality control of radiation therapy and few
reports on the cost-effectiveness of insurance reimburse-
ment in Japan have been published.

The aims of this study are 1) to identify potential risks
using FMEA, compare the results of risk analysis before
and after the implementation of mutual quality control, and
verify the utility of mutual quality control in risk reduction;
and 2) to calculate FMEA . and then re-examine the util-
ity of mutual quality control considering cost-effectiveness.

2 Materials and methods

2.1 Failure modes and effect analysis (FMEA)
structure and objectives

A process map for the quality control of equipment—from
commissioning of the linear accelerator to irradiation of
patients—was developed by six representatives from five
institutions who were certified as either radiation therapy
technologists or medical physicists. Subsequently, the failure
modes in each process step were identified by the repre-
sentatives. We requested the representatives to identify at
least one mode per institution, as recommended in previous
studies [22].

As this study is related to the quality control of equip-
ment, physicians or nurses may lack the expertise required
numerical analysis. Therefore, the identification of failure
modes was limited to a list of items related to the quality
control of equipment performed by radiological technolo-
gists or medical physicists.

Three indices, namely occurrence (O), severity (S),
and detectability (D), were set for each failure mode with
reference to TG-100 [15]. Each category was scored on
a 10-point scale, with 10 being the highest probability of
occurrence, severity, and difficulty of detection. The risk
priority number (RPN) was calculated by multiplying the
three parameters.

The FMEA analysis was evaluated based on the quality
control system of our institution, including staffing, quality
control items, and measurement frequency, for each failure
mode. To prevent significant numerical bias for each
parameter, a severity (S) parameter for each failure mode
was defined separately for high- and non-high-precision
radiation therapy institutions (3D-CRT institutions) by
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Table 1 Detectability (D) as defined by the representative

Rank Combination of detectability

1 Analysis by a qualified personnel Independent double-checking by a qualified personnel
2 Analysis by a qualified or an unqualified personnel Independent double-checking by a qualified personnel
3 Analysis by a qualified personnel Double-check by a qualified personnel

4 Analysis by a qualified or an unqualified personnel Double-check by a qualified personnel

5 Analysis by an unqualified personnel Double-check by a qualified personnel

6 Analysis by an unqualified personnel Double-check by a qualified or an unqualified personnel
7 Analysis by an qualified personnel -

8 Analysis by a qualified or an unqualified personnel -

9 Analysis by an unqualified personnel -

10 Non-analysis -

Table 2 Occurrence defined with reference to TG-100

Rank Occurrence

Qualitative Frequency in %
1 Failure unlikely 0.01
2 0.02
3 Relatively few failures 0.05
4 0.1
5 <0.2
6 Occasional failures <0.5
7 <1
8 Repeated failures <2
9 <5
10 Inevitable failures >5

a representative. Detectability (D) was defined by this
representative with reference to the literature on the
usefulness of double-checking and independent double-
checking for detectability (Table 1) [23, 24]. Occurrence
(O) rates were defined with reference to TG-100 (Table 2)
[15]. Analysts may choose occurrence (O), severity
(S), and detectability (D) depending on the operational
status of their institutions. After removing the significant
outliers in the first evaluation and publishing the results
of the second one, another evaluation was requested. The
recurring significant outliers were individually interviewed
[25, 26]. One of the purposes of the first round of FMEA
was to correct ambiguous or inaccurate wordings in the
failure modes. The second round of FMEA was performed
with the addition of an explanation of the relevant section.
The interviews were conducted to ascertain the presence
of operational ambiguities at the concerned institutions.
However, the interviews were conducted after reiterating
that the main objective was to reflect the situation at
each institution. It was analyzed by 13 persons from 12
institutions, including 6 representatives. The average of 12
institutions for each disability mode was calculated. The
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Table3 Number of persons in each condition at participating
institutions

>2 <1
10 years of experience per 6 6
linear accelerator
Number of qualified personnel 7 5

per linear accelerator
High-precision radiation =~ 3D-CRT
therapy

Irradiation technique 6 6

targets for mutual quality control were failure modes with
RPN average values in the top 20% and a quality control
that could be performed by a third party through posterior
analysis, referring to AAPM TG-100 [15].

2.2 Data analysis

The obtained RPNs were compared using EZR (Saitama
Medical Center, Jichi Medical University, Saitama, Japan),
which is a graphical user interface of R (The R Foundation
for Statistical Computing). The Mann—Whitney U test [22,
27] was conducted to compare the differences in irradia-
tion techniques between high-precision radiation therapy
and 3D-CRT, as well as the number of qualified person-
nel per linear accelerator and the number of personnel
with over 10 years of experience per linear accelerator.
Comparisons of the number of qualified personnel and
those with over 10 years of experience were made based
on whether there were at least two persons or at most one
person per linear accelerator, with “at most one” indicating
the absence of such personnel. The RPN was considered
statistically significant if p <0.05. The number of subjects
from the participating institutions under each condition is
listed in Table 3.
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2.3 Determination of mutual quality control
methods

Based on the results of Sect. 2.2, a method of mutual quality
control was devised by the representatives (Fig. 1). The RPN
before and after the mutual quality control were compared
to verify the effectiveness of mutual quality control. The
differences in RPN depending on the number of qualified
personnel per linear accelerator were also compared.

2.4 Calculation of FMEA_, .
FMEA . Was calculated to identify the cost-effectiveness
of mutual quality control. FMEA_ . Was calculated from
Eq. (1) with reference to the incremental cost-effectiveness
ratio (ICER) [28].

Cp—Cy

FMEA, =—2 4
cost=eff ™ RPN, — RPN, M

where C, and C and RPN, and RPNy, are the costs and RPN
before and after mutual quality control, respectively.

Qualified
personnel
(Institution B)

The cost was based on a predetermined salary of
¥342,500 for radiological technologists at all company sizes
(10 or more employees) from “2021 Basic Survey on Wage
Structure” published by the Ministry of Health, Labor and
Welfare [29]. This predetermined salary was converted into
actual working hours (162 h) and then into hourly wage with
reference to the Labor Standards Law in Japan, and finally
multiplied by 1.25 to calculate the hourly wage for overtime
work. Meanwhile, Cj; was calculated by multiplying the time
spent by the three mutual quality performers on the three
times mutual quality control by the hourly rate for overtime
work and adding it to C,.

3 Results
3.1 Identification of high risk factors by FMEA

Process maps were created for 14 processes (Fig. 2). Sixty
failure modes were identified for all processes, and the top
20% of RPN averages are illustrated in Fig. 3. The number
of identified failure modes averaged 12 per institution, with
the lowest being 4 per institution. The Mann—Whitney U test

Qualified
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(Institution A)
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*
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Acceptance test
Commissioning of radiation
detection tool

Beam modeling Determination of

commissioning
baseline

Commissioning of
linac

Commissioning of QC
tool

Determination of QC
frequency and baseline

Preparation of
measurement sheets

Safety management
system QC

Mechanical QC

Dosimetry QC

Radiographic imaging
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Fig.2 Process map of from the introduction of the equipment to the
start of treatment and daily quality control

revealed that the mean values for high-precision irradiation
and 3D-CRT were higher at institutions that performed high-
precision irradiation. Nevertheless, the difference was not
statistically significant (p =0.068). Moreover, there was no
difference in the RPN between institutions with one person
with ten or more years of treatment experience per linear
accelerator and those with at least one person with ten or
more years of experience per linear accelerator (p =0.223).
However, when there were two or more qualified personnel
per linear accelerator, the RPN was statistically lower than
when there were less than one (p=0.0256) (Fig. 4, Online
Resource 2).

3.2 Changes in RPN after mutual quality control

The changes in FMEA arising from the implementation
of the mutual quality control items identified in Sect. 3.1
was re-evaluated at 12 institutions, with an average RPN of
64.0 +15.4. This was a significant decrease from the mean
value of 128.3 +34.4 before the implementation of mutual
quality control (Fig. 5).

For example, in “[Beam modeling] 3D water
phantom was not properly set up and measured in the
wrong position,” a lack of standardized procedures and
inadequate training were considered as probable causes
of this decrease. As a countermeasure, beam data were

2 74 T x F—
8 s I I |
94 O — x] [e}
10 1 e I R
i —IF 1+
12 4 H e F——

50 100 150 200 250 300 350 400
Risk Priority Number (RPN)

No. Process Failure mode

1 Preparation of measurement sheets Incorrect values were entered into spreadsheet formulas, resulting in erroneous calculations

2 Preparation of measurement sheets Incorrect spreadsheet citations prevented accurate calculations

3 Dosimetry QC The spreadsheet used for proofreading was from a different energy

4 Commissioning of QC tool Insufficient explanation of the measurement procedure and continued to make measurements in an incorrect method
5 Preparation of measurement sheets Electrometer values were manually entered into the spreadsheet and the wrong values were entered.
6 Beam modeling 3D water phantom was not properly set up and measured in the wrong position

7 Safety management system QC Collision interlock did not operate properly and struck the patient

8 Data analyze Manual was not understood and QC tools was prepared and analyzed incorrectly

9 Data analyze Out-of-tolerance measurements were overlooked

10 Dosimetry QC Output calibration did not include required coefficients

11 Dosimetry QC Measurements were made without setting a reference field

12 Determination of QC frequency and baseline Required QC was not included in the item

Fig. 3 Box plot representation of the mean risk priority number (RPN) scores of the top 20% failure modes
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Fig.5 Change in RPN before and after implementation of mutual
quality control. The average RPN values of the 13 FMEA analysts for
each failure mode are shown

published on a database and compared with those from
other institutions. In addition, data were analyzed using
PyMedPhys by qualified personnel. As illustrated in Fig. 6,
the RPN decreased with the number of qualified personnel
per linear accelerator. Additionally, a statistically
significant difference was observed.

3.3 Costs required for risk reduction

The average time required for mutual quality control was
46.6 + 4.4 min. According to the 2021 Basic Survey on
Wage Structure, the salary of medical radiological tech-
nologists for the total company size (10 or more employees)
was ¥342,500 [29]. The cost of mutual quality control was
¥2,053.4 per month; hence, C, was ¥0, C was ¥2,053.4,
RPN, was 128.3, and RPNy was 64.0. Based on these values,
the FMEA_ ¢ Was calculated to be ¥31.9/RPN [Online
Resource 2].
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Fig.6 Change in RPN before and after mutual quality control
by number of qualified personnel per linear accelerator. The
average RPN values of the failure modes for each of the 13 FMEA
analysts are shown

4 Discussion

4.1 Evaluation of RPN

The minimum number of failure modes identified by the rep-
resentatives was 4, and the total number of failure modes was
60. The number of failure modes was discussed among the
representatives and deemed to be valid. As mentioned ear-
lier, this study identified the utility of mutual quality control
for risk reduction in the quality control of radiation therapy
equipment. The top 20% RPN average failure modes were
monitor chamber calibration, beam profile measurement,
and QA data analysis. Bruce et al. stated that most events
in radiation therapy occurred due to human error and not
equipment failure, and that the risks cited in their study may
also be induced by human errors due to lack of training or
poor software design [30]. The fact that there was no signifi-
cant difference in the RPN value by the irradiation technique
suggests that the RPN is not only necessary for institutions
that provide high-precision radiation therapy, but also for
those that provide only 3D-CRT. The results also suggest
that possession of certification and not experience was use-
ful in risk reduction. Such certification requires extensive
knowledge to obtain. The study is consistent with previous
reports in the field of radiology regarding years of experi-
ence and occurrence of incidents and other risks, with no
relationship between years of experience and the number of
incidents [31].

Based on these results, a verification sheet of the calibration
results of monitor dosimeters should be prepared. Quality
control of TG-142 using Pylinac and gamma analysis of dose
profiles using PyMedPhys should be performed with the
results of the analysis hidden. Mutual quality controls should
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be performed by qualified personnel from other institutions [32,
33]. One factor contributing to the reduction in RPN before and
after mutual quality control was the use of Microsoft SharePoint
(Microsoft Corporation, USA) to output results. This allowed
for the comparison of results from multiple institutions and our
own institution's results, which were considered to have led to
a reduction in risk (Fig. 4). It should be noted that Nishioka
et al. have proposed a method for collaborative online working
on FMEA worksheets, which might suggest to improve risk
management efficiency through enhanced data sharing [34]. A
schematic of mutual quality control is depicted in Fig. 1.

The RPN values significantly decreased before and after
implementation of mutual quality control. In quality control
operations, the typical methods to reduce risk are to purchase
new quality control tools or supplement them with new expe-
rienced personnel. The effectiveness of double-checking by
qualified personnel has also been described in previous studies
[24]. Mutual quality control in this study also enabled dou-
ble-checking by qualified personnel, which was considered
an effective countermeasure against human error. Toyama
et al. discovered that medical physicists employed by radiol-
ogy technologists spent a significant amount of their time on
patient irradiation and imaging work, and that 49.7% of them
worked overtime on duty. This indicates that there is still no
full-time radiation therapy quality control staff, and that the
increased burden on qualified staff has not been resolved [35].

However, even for institutions where implementation is dif-
ficult due to cost and a lack of human resources, acceptable
results can be obtained at a low cost through mutual quality
control, and the cost required for risk reduction was deter-
mined using FMEA

cost-eff*

4.2 Limitations and future issues

A limitation of this study is the small sample size. Although
we were able to include all radiation therapy equipment-
owning institutions of the group in the analysis, further stud-
ies should increase the number of institutions and examine
the resulting effects of mutual quality control. Although this
method does not support patient monitoring, the results of
the analysis can be received remotely by an experienced and
qualified person simply by transmitting the analysis data to
their systems. The disclosure of analysis results and sharing of
information have the advantages of eliminating black-boxing
and clarifying device-specific deviations, which can be used
as references in determining the allowable values.

5 Conclusion
The utility of mutual quality control of radiation therapy

equipment was examined using FMEA considering the
cost-effectiveness. Mutual quality control is useful for risk

@ Springer

reduction, and FMEA_ ¢ can determine the cost required
for risk reduction, enabling us to judge its usefulness after
considering the cost. Currently, per the requirements for
a medical institution to be designated as a Regional Base
Hospital for Cancer Treatment, the quality control of radi-
ation therapy equipment should be performed by a person
with a professional qualification in medical physics. The
need for specialized qualifications is increasing; however,
recruiting more qualified personnel is difficult. We believe
that this study will help increase this number [36].
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