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ABSTRACT

A workshop was beld at the Idaho MNational Engineering Laboratory, August
1618, 1994 on the topic of risk assessment on medical devices that use radicac-
tive jsotopes. Its purpose was 1o review past effons to develop a risk asgessment
tethodology to evaluate these devices, and (0 develop 3 program plan and scop-
ing document for future methodology development. This report contains 3 sem-
mary of that workshop, related technical papers, presentation material, and a tean-
script of the workshop,

Panticipants included experts in the ficlds of radiation oncology, medical
physics, risk assessment, human-error analysis, and human factors, Staff from
the U.5. Nuglear Regulatery Commission (MR associated with the regulation
of medical uses of radioactive materials and with research into risk-assessment
methods participated in the workshop. The workshop participants concurred in
NRC's intended use of risk assessment as an important technology in the devel-
opment of regulations for the medical use of radioactive matenial and encovraged
the NRC to proceed rapidly with a pilot study. Specific recommendations are
included in the executive summary and the body of this report.
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EXECUTIVE SUMMARY

Overview

A workshop was held a1 the 1daho National
Engineering Laboratory (INEL), Angust 16-18,
1994 on the topic of risk assessment on medical
devices that use radioactive isotopes. Its purpose
was to review past efforts (o develop a risk as-
sessment methodolopy to evaluate these devices,
and to develop a program plan and scoping docy-
meng for fumwre methodology development.

Participants included expens in the fields of ra-
diation oncology, medical physics, risk assess-
mert, buman-error analysis, and human factors,
Staff from the U.S. Nuclear Regulatory
Commission (NRC) associated with the repulation
of medical uses of radioactive materials and with
research into risk-assessment methods attended the
workshop. Other experts were inviled 10 provide
the perspective of the wider technical communi-
ties. Some of these experis had participaied in
preliminary risk assessments {0 evaluate various
methodologies in this area.

The workshep began with presentations in
several areas: NRC repulatory programs: medical
uses of radioactive material; probabilistic risk as-
sessment (PRA) methods; and analysis and model-
ing of hutnhan etrors and human performandce.

Following these presentations, discussion ses-
siong allowed the participants t0 axplore areas of
interface between the technical disciplines, the
extent of medical device performance knowtedge
and data, the applicability of existing, new and de-
velopmental PRA and HR A methods, md strategy
of applying these methods to the medical use of

isotopes.

The workshop ended with several specific rec-
ommendations for the NRC:

+ A demonstration quantitative risk assessment
of a specific medical davice and modality
should be performed now

+ PRA event and] fault trees supplemented by
genenic error modeling should be used

ix

=  An estimated dendominator should be estab-
lished

» The demonstation risk assessment showld be
used as a2 baseline and foundation for fumre
siydies.

Cwverall, it was the opinion of the attendees that
performance of a risk assessment would be consis-
tent with developing NRC policy on risk-hased
regulation.

Benefits

Several benefits w0 both the wsers and the NRC
from risk assessment and Imman reliability analy-
5is were identified.

The licensees, by performing an analysis on a
device or process, could identify the different hy-
man errors or equipment failures that could result
in unwanted ouwtcomes before these errors or fail-
ures actually occurred. The licenses could then
take physical or procedural steps to reduce the po-
tential hazard.

The results of a formal risk assessmeni could
sarve as a framework for discussions between li-
censees mnd the NRC (and others in the regulatory
community, e.g., the U.S. Food and Drug
Admintstration). These discussions could lead to
alternatives to propesed regulatory zctiens that
would achizve the same resulis but be more effi-
cient in teyms of facility operations. This hag been
found within ihe nuclear power plant community
to be an impostant benefit, and has, in part, lad 10
all such facilities having risk assessments per-
formed,

The workshop participants generally agreed that
it would be appropriate and reagonable for NRC to
base regulations on the results of risk assessments.
The vse of risk assessment methods woeld be in
accordance with NRC's plans 1o rely further on
risk- assessment methods as described in the recent
NRC policy statements—Proposed Policy
Sratement on the Use of Probabilistic Risk
Assexsment  Methods in Nuclear Regulatory
Activities, SECY.94-21%8, Washington, 0C.,

NUREG/CP-0144




August 18, 1994, and 1.8, Nuclear Regulatory

Commission, Proposed Agency Wide
Implementation Plan for Probabilistic Risk
Assessment (PRA), SECY-24-279, Washington,
D.C., August 19, 1004,

{cf. Appendices A-1, A-2)
Discussions

Potential sources of data were identified, some
of which will become more standardized among
the Agreement States® in 1995. Tral applications
will determine the extent of the data needed.

Human emers were found 0 be a very large
contributor to misadministration events; about
86% of events studied to date involved a primary
contribution from human errors. However, kuman
errors are themselves influenced by the design or
aperability of equipment and from particular or-
ganizatiomal factors in the facilities. Risk-assess-
ments conducted today typically omly provide par-
tial modeling of these cayses of human ercer.
Discussions at the workshop and elsewhere indi-
cated that improvements in the sk assessments
angd risk assessmeni methods are needed.  In was
mved thai oither research programs 2xist ai NEC
and elsewhere that can provide imporant insighis
in this area.

Finally, risk assessmeni methods use some cti-
terion to define an outcome as unaccepiable. in
the case of nuclear power plants, for example, a
commaon Criterion is damage (0 the radioactive fuel
in the core—this is also an example of an on-
come-hased reguirsment. In the case of medical
misadministrations, the criteria include a dose

*  “Agreament State” means any Siate with which the
LS. Muclesr Ragulatery Commission or lhe
Atomic Energy Commisgion hag entered imo an
effective agreemant under subeaction 274b of the
Aomic Energy Act of 1954, as amended.

NUREG/CP-0144

variance of a centain percentage, a dose to the
wroRg site, or a dose to the wrong patient
{compargd with the prescribed treatment). These
a2 petfommance based criteria and do Dot neces-
sarily correlate with equivalent effects 10 the pa-
tient's health. The workshop panticipants recog-
nized that performance-based requirements are
necessary since the NRC policy is to aveid the
practice of medicing and outcome-based recpire-
menis wowld require medical judgment. Several
performance-based comments for consideration in
the next rle review were offered.

Conclusions & Recommendations

The workshop participants concarred in NRC's
imtended use of risk assessmeant as an imporiant
technology in the development of regulations for
the medical vse of radigactive maierial and en-
couraged the NRC to proceed rapidly with a pilot
stiody. T was recommended that NRC follow a
program of incremental developmenis to imprrve
the accuracy and veracity of d risk assessments.
The panticipants outdined a plan for the NRC. This
program would seek o0 imprave the availabitity of
relevant event data associated with misadministra-
tions amd the accuracy of modeling human ermors
and their canses.

The first study should be of a wall-understood
process-—possibly low dose rate brachytherapy.
Improvements in human-eror modeling should be
integrated intp the risk-assessment logic modeling
process, together with bounding data,

This development process was reconunended to
be started now and performed incrementally 30
that the methinds can be deveiloped, employed anx]
evaluated in a controlled fashion.




FOREWORD
by NRC Staff

This report, prepared by the INEL, summarizes the views and opinions of
participants in a workshop designed to review past efforts o develop a risk ag-
sessment methodology to evaluate radiation-emitting medical devices containing
byproduct material. Based on this workshop, the INEL recommends: 1) perfor-
mance of a demonsiration quantitative sk assessment of a specific medical de-
vice and modality; 2) use of PRA cvent and fault trees supplemented by Generic
Ermmor Modeling: 3) establishment of an estimated denominator; and 4) usc of the
demonstration risk assessment as a baseline and foundation for futore studies.

The NRC staff recognizes that this workshop presented a unique forum in
which many diverging opinions were presented, including those of the medical
and risk analysis communitics. The stalf is considering implementing recom-
mendations 1, 3, and 4. However, becanse of the preponderance of hiaman ermor
arnd minimal redundancy of hardware safety systems, as well as the pavcity of
data on system failures in the medical arena, the staff has serious reservations
about the choice of classic PRA using fault trees as the most cost-cifective ap-
proach. The staff plans ic continue development of a risk analysis methodalogy
for radiation-emitting medical devices.

*i NUREG/CP-0144







ACRONYMS

AEQOD  Office for Analysis and Evaluation of Operational Data, US Nuclear Regulatory Commission
AHP  analytical hierarchical process

CFR Codde of Federal Regulations

HDR  high dose rate

HRaA humaty reliability assessment

INEL  Idaho National Enginecring Laboratory

LDR low dose rate

NMSS  Office of Nuclear Material Safety and Safeguards, US Nuclear Regulatory Commission
NRC  US Nuclear Regulatory Cornmission

PRA probabilistic risk asscssment

QA quality assorance

QM quality management

RES Office of Nuclear Reguiatory Research, US Nuclear Regulatory Commission

WPAM  woik process analysis metbod
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VOLUME 1: SUMMARY

A WORKSHOP ON
DEVELOPING RISK ASSESSMENT METHODS FOR
MEDICAL USE OF RADIOACTIVE MATERIAL

1. INTRODUCTION

1.1 Purpose

A workshop was held at the Idaho National
Engineering Laboratory, August 16-18, 1994 on
the topic of medical devices that use radioactive
isctopes. Hs purpose was (o review past effonts o
develop a risk assessment methodology © evaluate
these devices, and to develop a program plan and
scoping document for future methodology devel-
Opment.

1.2 Overview

Anendees included experts in radiation oncol-
ogy, medical physics, risk assessment, hwman-gr-
ror analysis, and human facwrs; and U5, Nuclear
Regulatory Commission (NRC) staff associated
with the repuiation of medical vses of radioactive
malenials and with research into risk-aszsessment
metkods. Other expens were invited (o provide
the perspective of the wider technical communi-
tiecs. Some of these experis had paricipated in
preliminary risk assessments to evaluale varioons
methodologies in this area.

The workshop consisted of three parts. The
first part was a series of presemations concerming
the primary topics; NRC regulatory programs, the
medical uses of madioactive matedal, the technol-

ogy of risk assessment, and the issues associated
with the analysis and modeling of human errors.
Several presentations were based on, or related to,
prepared papers; copies of these papers are in-
¢luded as Appendix A. Copies of the presentation
materials are included az Appendix B. The
presentations wete followed by the discussion
sessions in which all attendees provided input in
response to posed questions or topics. The
transcript of the workshop is included as Appendix
. The workshop ended with 3 summary session
in which the majority of the participants agreed
upﬂg several specific recommendations for the
NRC;

+ A baseline, quantitative risk assessment of a
specitic medical device and modality should
be perforted now

« PRA Event Trees/Fault Trees and HEA
GEMS should be used

*»  Anestimated treatment denominator should be
established

= Thiz rizk assessment should be used as a
foumdation for future studies and development.

Overall, it was agreed that performance of a
risk assessment would be consistent with develop-
ing NRC policy on risk-based regulation.

NUREG/CP-0144







2. PRESENTATIONS

2.1. Disclaimer

The views and conclusions contained in this
dgocament are those of the authors and should ot
be interpreted as pecessarily represeanting the offi-
clal policies, sither expressed or implied, of the
United States Government, the 1daho Mational
Engineering Laboratory, or Lockheed Idaho
Technologies Company, Any use of trade names
ot trademarks in this publication is for deseriptive
purposes only and does not constitute endorsement
by the U. 8. Nuclear Regulatory Commission.

2.2. Regulatory Background

NRC staff present at this worksbop provided a
series of summary presentations,
2.2.1 NRC's Rols in the Medical Usa of
Radioactive Material

NRC is required by the Atomic Energy Act of
1954, as amended, to reguiate the medical use of
radicactive material t protect the healih and
safety of the public. The scope of these regula-
tions includes the storage and uses of the radioac-
tive material, the training and qualifications of the
personngl, the performance of madiation surveys,
and the use of quality management (QM) pro-
grams. These regulations are set out in Title 10 of
the Code of Federal Regulations (10 CFR), with
most of the medical uses covensd by Pant 35 of that
dtle (10 CFR 35). (Oceypational worker dose
limitg are prescribed In 10 CFR 20.)

NRC does not regulate the clinical judgmens of
physicians,

In a policy siatement published on Febrary 9,
1979 (44 FR 8242), entitled "Regulation of (he
Medical Usex of Radioizotopes: Statement of
General Policy." the NRC stated:

(1) The NRC wid cantinue to regulate
the meadical uses of radioisotopes as
nacessary to provide for the radiation
safaty of workers and the genaral public.
~ {2) Tha NRC will regulate the radia-
tion safety of pationts where justified by

tha risk 10 patients and wheare voluntary
standards. or compliance with these
standards, are inadequate.

{3} The NRC will minimize intrusion
inte madical judgments affecti tiants
and into other argas traditionally
considarad to be a part of the practice of
medicins,

Tha NRC has the authorily to regulate
the medical use of material or
radiation from byproduct material to

ct the health and safety of patients,

t aleo racognizes that ans have
the pri responsiility for tha protec-
fion of their patients. NRC regulations
are predicated on the assumption that

ropery trained and adequately in-
rrmed physicians will make decigions
that are in the bast Intarast of thelr pa-

tients.
MNRC's Responsibilitios
The NRC distinguishes between the
unavoidable risks attendant in purpose-
fully preseribed and properly performed
clinical procedurez and the unacsept-
able risks of improper or carelass use.
The NRC is responsible, as part of its
public health and safety charge, to as-
tablish u&::d %rgiofl;ggn rI ula# ?na that
protact the pu r of improper
proceduras or canloss use.
The polnt of teference, then, for determining
whether adminlsiration of radiation is a misadmin-
istraticn is the physician's prescription.

{ef. Appandices B-13, C-1.3)

22.2 Risk Assassmont In NRC Ragulatory
Programs

NRC is presenily evaluaiing a proposed
agency-wide policy on the use of risk assessment
in regulatory programs. This policy is described in
Proposed Policy Statement on the Use of
Probabilistic Risk Assessment Methods in Nuclear
Regularory Activities, SECY-94.218, Washington,
D.C.. August 18, 1994; and U.S. Noclear
Regulatory Commission, Proposed Agency Wide
Implementarion Plan for FProbabilistic Risk
Assessment (PRA), SECY-94-219, Washington,

NUREG/CP-0144




Presentations

D.C,, August 19, 1994, Both of these are included
in Appendix A, If adopted, this policy would sup-
pott and endorse the use of risk assessments,
which would provide 3 basis for improved regula-
tory decision-making; more efficient use of agency
resources in focusing cffonts on the most safety-
significant issues; and a reduced industry burden
in responding to less safety-significani issues.

{c. Appendices A-1, A-2, B-1, G-2.1)

223 Davelopment of Risk Assessment
Technology

Section 4.1 in the proposed implementation
Pan associated with the policy statement, includes
the need for development of risk-assessment
methods “to assess most likely failure modes and
human performance in the use of industiial and
medical radiation devices.” Specific objctives as-
sociated with this need extend over a period of
years. They include:

+  Validation of the risk assessnrent methodol-
ogy, including holding this workshop, with
experts i risk assessment and hwnan reliabil-
ity assessment (HRA) 0 examing existing
work and recommend further methodological
developments; examine the application of
Monte-Carlo simelation methods o risk profil-
ing, examine the use of expert judgment in de-
vecloping error rates and consequence mea-
sures: and conduct a series of HRA bench-
maiking and cross-validation exercises;

+  Developmeni of the relative risk methodology,
and

+  Development of vser-friendly computernized
guidance of risk-assessment methods for li-
CENSees.

ic1. Appandices B-13, G-5.1)

2.3. Medical Usas of Radioactlve
Material

These presentations addressed issues and con-
cems associated with the medica) vses of radioac-
tive material as they may relate to the use of risk

assessrnent in regulation,

231 Introduction to Medical lsgues

This presentation summarized the perspective
of NRC and its regulation of medical misadminis-
rations.

A primary focus of NRC's regulatory activities
has been on controlling the occurrence rales of
misadminisiration events. Misadministration
events are defined in 10 CFR 35 for radiophanna-
ceuticals, brachytherapy, 1eletherapy, and gamma
stereotactic surgery. In addition to prescriptive
regulations concerming such factors as training of
physicians and teletherapy physicists, sorveys and
checks of radiation levels, vses and storage of
sources, and s0 on, NRC has developed a quality
management (OM) ruie that has been in place
since Janwary 27, 1992(Code of Federal
Fegulations, Title 10, Secltion 1%.32), to ensure
administration is in accordance with the written di-
rective, A collection of the QM requirements of
the NRC and other professional organizations re-
lating 0 remote afterloading brachytherapy is
summarized in NUREGACR-6276.

icf. Appendices B-T, C-3.1)

232 Tmeatmem Varistions & Consequences

This presentation identified some of the com-
Mlexities involved in ziiempiing fo set criteria for
unacceptable-ovicomes related to medical misad-
ministrations beyond the simple wrong-site and
20¢k-variance criteria ¢stablished by NRC.

As shown jn the presentation materials in
Appendix B, there are numerous intervening vari-
ables that can determtine whether a dose of some
variance is likely 1o canse a significant adverse
heabeh effect. These include:

» The margin between the dose needed 0 ablate
the tumor cells and the sensitivity of fhe nor-
mal tissue along the radiation-dose path. [If
there is a wide margin, increases in the tumor-
killing dose may have a small impact on
healthy tissue. If there is a narmow margin,
then even a small excessive dose could cause
extensive necrosis of the heaithy tissue. One
effect of chemotherapy or other concurrent
reatment can be to change these sengitivities,
both absoletely and relatively.

» The sensitivity of particular organs or egions
o radiation doses. Certain organs or regions
of the body are subject to the development of a
range of sequelae {(complications) because of




mdiation treatmems ¢ven af commonly pre-
scribed doses. These ¢an range from minor
acute symptoms (such ag hoarseness and
coughing for ireatment to the Jungs) o major
complications {such as progressive fbrosis of
the lungs). Such sequeiae (aven death) follow-
ing weatment would not necessatily be indica-
tive of any migadministration.

+  Bensitivity variations between patients. Each
patient, besides having 2 unique geometry and
stage of disease, will respond differently to ra-
diation treatment to some degree. While usu-
ally small, these variations betwsen individy-
als contribute to the variations in frearment
success and complication severity.

« The potential for harm from unkder-treatiment.
Unlike many other situations faced in rigk as-
sessments, sofer does not always equate (o
lower dose. Int radiation oncology, patients are
already sick, often terminally. Therefore, any
risk assessment must consider that doses lower
than prescribed may have the consequence of
failing to cure a diszase which could then be-
come fatal.

In addition o the uncenainties between dose-
variance and health effects, there are uncerlainties
associated with treatment site. Radiation prescrip-
tions aAllpw for some vncertainty in the location of
the target tumnor, which iiself will probably not
have a distinct bourklary with healthy tissue,
Therefore significant doses of radiaiion may be
delivered to healthy tissue during a nommal course
of treatment.

Finally, it i3 not urmsual for there t0 be some
adverse reaction by healthy tissue o a properly
administered dose, amd no detectable adverse re-
action 1o a misadministration.

{ef. Appendices B-8, C-3.2)

233 Misadministration Evems

This presentation described the activities under-
taken by the INEL in performing investigations of
misadministration events on behalf on NRC; this
work has been published in NUREG/CR-6088,
Two phases of work have been undertaken.

First was the evaluation of NRC reports col-
lected by ABEOD and those mporied in NUREG-
0090 relating to misadministration events in the
years 1987 to 1992, This evaluation fourd that

o
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dlthough only a small mmber of facilities reported
multiple misadmimistration events, multiple mis-
administrations made vp 60% of the patients in the
database. The major cavses of multiple misadmin-
istrations were associated with the use of compuier
programs or data entry activities. For single-mis-
administration events, the dominani causes were
procedural inadequacies, professional errors (such
as slips and lapzes in perforning arithmetic com-
putations or in dose administration), and commu-
nication problems. It was concludad that proper
implementation of the QM plan was at least
somewhat likely 10 have prevanted the vast major-
iy {~94%) of previous medical misadministra-
fions,

The second phass of work is the on-going, on-
gite investigation of misadministration events 2000
after they are discovered. These investigations ars
performed by multi-disciplinary teams involying at
least three team members and cover the disciplings
of radiaticn oncelogy, medical physics, nuclear
medicine, risk assessment, and human factors.
NUREG/CR-6088 presents the results of investi-
gations of seven events, other investigations are
continwing. The factors identified as important
include: unique conditions or changes in routine;
lack of, or use of ambiguous, procedures; and lack
of substantial participaiion by anthorized usery and
radiation safety officers. 8¢ far, hardware failures
have rarcly been involved, but were asseciated
with severe consedquences.

It was observed that many of the facilides had
not implemented their QM programs effectively.
Further, once an event had ocowrred, corrective
actions were narrow in focus and lacked any sys-
tematic approach & identifying and commecting the
causes or ¢consequences of misadministration
events.,

While these investigations are labor-intensive,
they seem to be the only source of data that yields
the level of detail of the human contritation for
improved HRA methods to be developed in this
area.

el Appendioss B-2, C-2.2)
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2.4, Risk Assessment Mgthods and
Issues

These presentations used past work 1o illnstrate
traditional risk assessment methods and highlight
concems with respect (o their use in medical anal-
Y3ES.

24.1 Risk Assessmait Toals

Risk assessment is an analyzis process that ex-
amines ke likelihood and consequences of postu-
lated evenis (NUREG-1050). Risk assessment
methods were first developed in the late 1960's in
the aerospace industry for application in the devel-
opment of weapon systems for the Depantment of
Defense, and for the Apolio lunar-landing pro-
gram. Subsequently, the technology was adopted
and developed by the Atomic Energy Commission
for application to the ULS, mcleas power industry.
The first widely published risk assessment, the
Reactor Safety Study (WASH-1400/NUREG-
75/014), established the basic elements that, while
refined and extended, still comprise the major el-
emenis of risk assessment.

The risk-assessment process starts with identi-
Fying a series of postulated events—usualty called
inttiating events—that has the potentizl to lead o
some unacceptable caicome, such as ham o a pa-
tient. Logic models called sveni trees are devel-
oped by the risk analysts 10 identify what addi-
ntonal evends (called top eventsy must occur and in
what combination or sequence for the initiating
event 10 resuli in an unaceepiable outcome. The
gvent tree identifles these particular combinations
of top events in a graphical form, uspally called
accident sequences. In some studies, the likeli-
hood of each accident sequence s quantified
through calculations with the protabilities and the
frequencies of (he panicular top and initiating
gvenis,

In son cases data may already sxist 10 provide
the probabilities of each top event in the sequence,
in which case the arithmeric process is stmple and
direct. Inother cases where data may exisi, not for
the event itself but o the causes of the event, fault
tree moxlels are created. Fault trees are a separate
togic model from event trees, but are related in the
following way. A faulr tree will represent graphi-
cilly the range of causes (such as human errors or
equipment faflures) for a top event. The fault tree
is created by using a series of gates that portray
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whether the top event comes about from single
causes or whether combinations of failures are
needed to cause the top event, Boolean logic is
then used to calculaic the probability of the top
event based on the varipus canses.

Once the ¢vent sequences have been identified
ad quantified, strmight-forward techniques exist to
determine which events in the event tree and their
corresponding cawses in the fanlt trees are the most
imporiant factors.

Specialized techniques have been developed for
evaluating human errors (as discussed below), and
the influence of common-cause faileres in risk as-
sessment models. These emrors and fatlures can
overwhelm the implicit assumption that the proba-
bilities of the top events in the event trees are in-
dependent of each other,

The strengths of this approach include:

» It provides a graphical representation of the
process and the failures necessary to cbtain an

unacceptable cutcome;

= It provides estimates of the likelihood of wmac-
ceptable curcomes that can enabls a compani-
son betweeen outcomes; and

= Itis a well-established methodology used ex-
tensively in other fields ({though not in
medicine) and its use by NRC is supported in
the NRC's impending policy statement on the
use of risk assessment in regulatory activities
(See Appendix A-1).

There are potential limications in this approach,
however. These are:

+ Data associaled with specific top evenis or
thesir causes may not be readily available, and
comld require the gathering of additional reli-
ability data (this mitation is not unique 1o this
method);

+  The technique has not been applied directly to
this or any other medical application (as
presently known); bowever, no fundamental
limigation in its polential use here is foreseen.

{cf. Appandicas A-7, B-10, G-4.3)

24.2 High-Dose-Rate Brachytherapy Risk
Evaluation




In order t0 evalvate the feasibility of using risk
assessment methods for medical misadministra-
tions, a limited application was performed for mis-
administrations during the use of an HDR
brachytherapy remote afterloader. The study was
intended to identify:

= what knowledge base is required to perform
such a risk agsessment;

= how effectively event-tree, fauli-tree, and hu-
man-reliability techniques might represent the
causes of misadnministration events:

+ relative importance of failures of hardware
verses human errors in misadministration
evenis; and

+ how effective might QA/QM practices be in
minimizing misadministrations,

Sufficient information conceming the pperation
of an HDR. remaote atterloader was available from
several spurces o create the logic models. Daca
associated with hardware faihires were sparse and,
in some cases, non-existent, 5o expert estimates
were required.  Human errors were modeled using
standard technigues and could bx: represenued ap-
propriately in the models.

The analysis indicated that human factors defi-
ciencies in the machine controls were a major con-
cetn and, consequently, the role of the medical
physics staff in prevendng misadministeanions was
vital. Similarly, the knowledge and skills of the
physicians with respect to the performance of the
treammen were of critical imporance.

The le of the medical physics staff in the
quanterly QA activities associated with a source
change were also important. i

The conclusion of this study was that fault rees
could effectively and reasonably represemt the
tisks associated with vwsing HDR brachytherapy
remoie afterfoaders. The next geps recommended
were additional site visits, construction of site Spe-
clfic process models and logic models, and com-
parigon of the models,

{tA. Appandicos A-3, B-3, C-2.9)

243 Gamma Knlke Risk Evalustion

In order 10 evaivaie aliemative approaches to
the traditional risk assessment methodology, a risk
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assessment of the Gamma Knife device was per-
formed. Rather than using event and famlt trecs,
and human reliability modeling, this study vsed
relative-risk-ranking.

In this study, the entire process was divided into
a sequence of component processes, and hazards in
the processes were selected for examination,
Then, using expert opinion and available data, the
identified hazards are given a rank relative to each
other in their consequence and again for their fre-

quency.

Alter iterating, a consensus is cached for the
ranking that best represents what the expents be-
lizve [0 be the sources of grearest relative sk,

This study dikl not anchor the risk scale, it does
o provide an estimate of the absolute frequencies
or consequences of misadministration events. It
does indicate where and why the more frequent
misadministrations will occur regardless of the

overall frequency.

{cf. Apparclices B-6, C-2.7)

244 Dats Needs and Collection

Traditicnal risk assessmem technigues rely
heavily on the use of data, such as equipment fail-
ure probabilities, human error probabilities, and
the frequencies of initiating events. However,
these are not the only data needs. In order for
MRC o assess the effectiveness of iis regulatory
programs, it must also be known how often mis-
adminigirations are occurting, how significa the
misadministrations are, and whether there are any
trends.

NRC has established requirements for licensees
o report certain kinds of dara, especiafly event
data such as the occurrence, canses, and circtm-
stances sumounding a misadminisiration eveni, but
these data are not sufficient for the parposes of
nisk asgessmerts. For risk assessments, the data
must inchsde the number of faitures and the nom-
ber of successes in onder to get a ratio. However,
swcess data are not reported o0 NRC. The self-
analyses of canses of misadministrations vary from
one faclity 10 another both in detail ang accuracy.
This makes dara combination nontrivial. Repornis
of misaiministration events are relatively rare be-
cavse of the overall high quality of the system;
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therefore, the data are statistically very limited
with respect to use in nisk assessTnents.

These limitations are nol uvnique to the analysis
of misadminisirations; similar limitations apply in
nuclear power-plant applications and acrospace
studies where real-wotld failures are few,
Therefore, the risk-assessment community has de-
veloped ways of compensating for such limita-
tions. These include the use of generic data (such
ag electrical equipment data gathered from differ-
ent industries), the use of bounding data and sensi-
tivity analyses, and the application of modeling
techniques {particularly for human errors and
common-cause frilures). Those misadminisation
events that do occur can be used to calibeate these
aliemative methods. However, aciual event daia
woald provide more scruiable resulis.

It is recognized that additional sources of data
exist. For ¢xample, the total nomber of adminis-
trations at a fagitity will be recorded in the facility
records and the patient-billing data, Summaries of
these data are often provided to outside organiza-
tions for other purposes. NRC should consider
these possible sources for use in rigk assessments.
Trizl applications with some limited additional
data would indicate whether further data gaihering
i neceyeary and its cogts, This would help deter-
mire which data should be collected.

(cf, Appendices B-12, G-4.5)

2.5, Human Errors and Human
Performance

These presentadons addressed the methods
available 10 perform human reliability assessmenis
in medical procedures, and described some of the
work already conducted

2.6.1 Human Rellability Asseszment

As mentioned ahove, the analysis of human er-
roes and the representation of their mle as causes
of ynacceptable ouicomes are a part of risk as-
sessment, For the types of events described in the
event investigation, human performance made a
significant comribution 1o the misadministrations.
Therefore it is important that the reliabillty of hu-
mans be included in the risk assessment process.

The approach presently taken in identifying
human errors is through the use of a gysismaric
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identification of all the actions thai musi be per-
formed correcily to prevent an unacceptable out-
come from occurting. The process for perfomeing
this structured identification iz called a task analy-
gis. A task analysis involves extensive analysis of
procedures and training materials, discussions with
practitioners, and walk-throughs of activities, to
identify every importani baman-system interac-
tion. The task: analyzis can identify time-critical
gteps and opportunities for the detection and pe-
covery from failures. Once the task analysis has
identified the necessary steps, ergonomic evalua-
tions of the controls and indications, the proce-
dures, and the levels of stress can be performed,
along with assessments of other infiuences like or-
ganizational factors and distractions.

Once ihese svaluaiions of the necessary actions
have been made, the HRA process creatas logic
maodels that portray the individoal and sequential
human ¢rroes that must occur to canse faltures of
equipment or processes, Failure probabilities are
then assigned to the individual errors using san-
dards HRA techniqoes, and then combined uging
Boolean algebra t¢ produce an overall probability
of human eror for inclusion in the PRA.

The use of this approach allows the analyst 1o
evaluaie the impact of changes ity the ergonomic
factors, trmining, and 50 on. This can be used to
identify specific improvements that wounld reduce
the probabilitics of those errors modeled in the
analyses.

{cf. Appendicas A-d, B-9, C-4.2}

25.2 Human-Faciors Evaluation of Remote
Afterfoading Brachytherapy

As pant of a separate NRC/RES program, a de-
tailed description and analysis of the human fac-
tors associated with brachytherapy vsing high-
dose-rete remote afterloading systems were made,
(Resultz noi yet published.) Hs goals were to
identify the factors that contribute & human emrors.
evalvate the impact of these factors on function
and task performance, prioritize the performance
problems, and identify and evaluate altemative
modifications for improving performance.

The evaluation began with a description of the
overall processes involved in performing HDR
brachytherapy, followed by a detailed function and
task analysis involving walk-throughs of ¢ach staff




member's job and its human-machine interfaces,
procedur:s and practices. Training and organiza~
tional support were alse taken into account. For
each step in the task analysis. potential ermors were
identificd from NRC and FDA reports, staff inter-
views, and evaluations of the work setting, Errors
and their likeliboods were estimated, and the im-
pacis of errors on other sieps in the task analysis
were assessed.

The result of this analysis was the identification
of ten critical tasks in which human emmors were
likely in one or more steps, and the consequences
of which could be 3 misadministration 1o the pa-
tiery or staff member. The ien are;

+ Patient scheduling and tracking

. ﬁppiicamr selection, placement, and seabiliza-
tion

»  Targes volume locakizaton

+  Dwell position localization

¢ Dosimeny

» Treatment set-up

¢ Treatment plan entry

«  Routine QA and Mainiznance

+  Spurce repiacement

+  Source Calibration.

For these critical tasks, modifications to im-
prove the performances were identified; these in-
clixied improvemenis in the human-machine inter-
face, job-performance aids, procedures, and $0 on.

{cf. Appendicas B-5, C-2.6)

253 Qrganizational Factors

This presentation described work performed o
develop methods to inclede the systematic influ-
ences of organizational factors in risk assessments.
It msed as its point of reference the concept of a
woik process: a standardized sequence of tasks
designed with the objective of achieving a specific
goal within the opevational environment of an or-
ganization. This wark process analysis method
(WPAM) involves several stagies of evaluaion.

The first stage is the development of 3 work-
process model that describes the principal steps in
the 1asks being parformed. This wses an analysis
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similar to the function and task analyses described
carlier, though not in the same detail as required
for the human reliability arnd humin facrors analy-
ses. The analysis then examines each step idemti-
fied in the work process to find where “barriers™
{built-in administrative defenses such as reviews
OT supervisory activities) should prevent misad-
minisirations. Checklises are then vsed o identify
possible deficiencies in the design and fleld appli-
cation of procedures, and their implementation of

the steps in the work process.

Mexi, assessments are made of the behavioral
deficiencies. The deficiencies are raled against
behavioraslly anchored rating scales (BARS).
BARS allow the subjective assessment of the
identified deficiencies by providing specific ex-
amples of representative good, average, and poor
performance for the particular factors. (For exam-
ple, how effective it the problem-identification
process within the organization?).

By the nse of appropriate calculational pro-
cesses such as the analytical hievarchical process
(AHPY, these deficiency assessments can be con-
verted to probabilides for use in the risk-assess-
ment process. Perhaps what is more important, the
significance of organizational issues causing
weaknesses in operations can be highligiied, -
gether with their associated behavioral factors.

fcf. Appendices B-4, C-2.4)

254 Genoric Ervor Modeling

In the development of risk agsessment methodds
for the Reactor Safety Study, himan-system inter-
actions were viewed largely as just another cauwse
of equipment faitures; an operator failing to start a
pump was no different (as far as the pump opera-
tion was congemed) from 2 mechanical or eleceri-
cal fawlt, Human errors were principally portrayed
in the fault trees as ancther cause of equipment
faifures. However, following the accident at Three
Mile 1slamd, where operator errors were much
more extensive and systemaric, it became clear that
the human participation in major incidents went
beyord the level of disabling individual items of
aquipment. As a result, method developments in
the area of HR A have continued.

The work presented here has been performed

largely as pari of another NRC project. The thesis
of this work is that, at least for profassional set-
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tings. people are very rcliable except when ¢ir-
cumstances cause them to fail. | is ihe frequency
of these circumstances that is most inflvential for
predicting buman envors. The goal of this project
has been 10 develop a way of describing whal
these circumstances are so that their frequencies
can be assessed.

While this work is not vet complete, prelimi-
nary results indicate that by far the greates featare
of failure-prone circumstances is that the activity
is being performed in a significantly off-normal
mode. In medical misadministrations this could
inclede a significant increase in workload or the
use of temporary substitute workers, The effect of
these off-normal conditions (called contingent
conditions) is to nullify several of the barriers that

are effective for normal operations, As a result,
ermors that would either not normally be possible,
or would be detacted and corrected, insiead lead o
a misadministration.

One of the goals of this project 1s to develop an
improved HRA method that corresponds more
¢losely to the roles of human errors found in major
accidents. Event analyses using the perspective of
humyan errors i major accidents are being used in
mclear power plant setlings, and have been ap-
plied to misadministration event reports. In these
cases, it effectively identifies the canses of those
errors important in the events,

icd. Appandices A5, A-G, B-11, -4 4)




3. DISCUSSIONS

Following the prasentations, thers was a period
of group discussions. These discussions focusad
on clarifying:

«  The relevance of how risk assessment relates
1o the medical nses of madicactive material

+  What aspects of nisk agsessmenk techinelogy in
this application may be different from other
applicaions

+  Whai daia are required to be successful in ap-
plying rigk assessment technology in this area

+ Hoew medical applications can be modeled us-
ing rigk-assassment methods

= What special considerations need to be ad-
dresged in these applications.

3.1 Risk Assassment for Medical Uses
of Radicactive Material

Risk assessment counld provide a framework for
combining the different cavses of misadministra-
tion events involving medical sources, together
into a singie analytical picture so that the impact of
the different causes could be compared, and an
overall measure of safety could be assessed for a
particular modality. Data from near-miss ¢vents
and partial failures can be combined through the
use of logic models 10 estimate the likelihood of
misadministrations before they occur. Because a
risk assessment represenis causes of failure, the
effectiveness of regulatory programs that address
these causes can be assessed befors they are put
inter practice, Thus, NRC can compare the likely
effectiveness of changes in regulations against e
costs of implementing the regulations. As dis-
cussed in the NRC's Policy Statement conceming
the use of risk assessment in regolations, this will
increasingly become the process for regulation by
the commission,

Rizk asssssment, a5 a kchnology, has been
applied 0 nuclear power plant operations since the
mid-1970's. Its application to the medical uses of
radioactive material is still developmental, and

some components of the methodology require im-
provement. Discussions identifisd several areas
for potential improvement or modification for this
particular application, as discussed below.

fef. Appendix C-6.1)
3.2 Data Requirements

Touse risk assessment methods effectively, it is
imponant that all relevant information be included.
This includes expenenced failore data for particu-
lar pieces of equipment and a structure o relate
these data to scenarios for which no data yet exist.

Risk assessment activities in the nuclear power
industry have identified the importance of obtain-
ing relevant failure data to be used in the nisk as-
sessment models. Initial information on the occur-
rence of failure evenis {equipment failures and
misadministrations) ¢an be oltained through exist-
ing NRC reporting requiremens,

Equipment failure events for medical radiation
equipment might be obtalnale from equipment
manvfacturers or from the quality assurance {QA)
records at individual facilities. However, for risk-
assessment purposes, the number of times a piece
of equipment operaied successfully or a patient
was (reated correctly must also be known to obtain
the rate of failure per administration.

Discussions concluded such treatment data do
exist in the medical community, but are not col-
lected centrally or as part of any formal reporting
systein.  Some summarics of these data are pro-
vided in surveys by professional societies, and are
also reported to the Joint Committee on the
Accreditation of Hospitals. [t was suggested that
the performance of a rlsk assessment trial applica-
tion would idemtify what data are necessary. The
most cost-eificient methods to obtain them could
then be determined. The trial use would also allow
an evaluation of the varions failurc and misadmin-
istration data sources,

The NRC has other activities that relate to this
area ‘These include the task analyses of HDR
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brachytherapy and the development of improved
human reliability assessment (HRA) methods
(dizcussed in other presentations), the creation of
performanace-retated databases by AEOD, and the
detailed investigations of misadministrations by
the INEL for NMSS.

(et Appendices C-6.2, C-5.6)
3.3 Modeling Hequirements

It was generally agreed that the use of risk as-
seasment fault trees and event trees supplementad
by Generic Error Modeling (GEMS) would pro-
vide the most effective means for assessing the
risks of misadministrations.

This appreach includes the identification aof
hazardous resudes, the identification of the differenit
sequences of evenss that lead to these hazardous
results (using event trees), the decomposition of
these different sequences of events o the exient
that data o1 modeling can quantify the probability
of the event (using fault erees). and the application
of data for quantification. This type of approach
was demonsirated as viable in the limited applica-
tion risk assessments presented in section 2.4.2
above, The addition of the GEMS methodology
will further codify the oot causes and human er-
rors that underlie the basic events of the fanlt rees
and indicare what sort of corrective action. includ-
ing possible regniation, would best reduce the fre-
quency of the unlntentional acts.

This approach has severzl importamt advan-
tages. It can assign imporance indices (o individ-
ual erross or equipment failures for the different
contributing causes; these allow priorities 1o be set
when planning system improvemens. It alows
the sensitivity to changes in the context of human
actions to be explored explicitly in the models.
And, with GEMS, it can identify specific actions
that can be employed 10 reduce the number of hu-
AN SIMoTs.

The disadvantage of a siudy of this type is the
difficulty in acquiring sufficient, reliable data.
Merthods that rely to 2 greal exeent on expert

Jjudgment. do not face this problem:.
The altemative approach, of estimating the nela-

tive likelihood and consequence of particular fail-
ures of the: steps in a task analysis, was considered
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to have two potential limitations. First, simply
using the task analysis directly may lead to the
omiszion of possibly significant scenarios that,
while having a relatively low likelihood, may have
a polentially high congequencs in ferms of the in-
pact on patient health, Second, by wsing the judg-
reni of clinical physicians as the basis for estimat-
ing the likelihoods, these judgments could be bi-
ased by their every-day experience that would oot
include the low-probability, high-consequence
scenarios not experienced in routine clinical prac-
tice.

icf. Appendix C-8.5)

3.4 Special Considerations for
Medical Risk Assessmenis

The special considerations needed when apply-
ing existing risk asgassment methodology 10 medi-
cal misadminisirations were divided into two cate-
gories for discossion: gencral medical communicy
and ircaiment environment;, and the patiems of
buman emors.

347 Medical Sotling 1ssues

The medical setting imposes cenain variables
and requirements on risk assessment not normatly
encouniered in odher settings.

The definition of unaccepiable outcomes will
ofien have both Tower and opper limits, instead of
Just one or the other. In radisbon-treatment, an
undiscovered under-exposite can sometimes have
A more seripus result on the patient than oversxpo-
sure; since underirradiation may fail to stop the
progress of a fatal disease that might have been
cured with the correct (reatment.

The definition of unacceptable cutcomes can
not be based on the acteal ontcome—the effect on
the patient. The weatment, when performed cor-
rectly, can still have gignificant health hazards as
demonstratad by axamples described in the presen-
talions of the closeness and frequeni ovedapping
between freatment doses arud dose levels that result
in complications.

Over-regulating has the potential to raise the
risk to the public. Some regulations may increase
the fime and cost required t0 perform a process.
Other things being equal, if a process becomes
more cosily in time and money, then i will be




used less even though tie need remains constant.
In response o higher costs; altemate, less-costly,
and possibly less-appropriate freatments will be
used or (reatment may be completely dismissed.
n thiz case, the effect of over-regulating 2 rela-
tively safe modality is a net decline in patient
safety,

[cl. Appendix C-6.3}

24.2 Human Emor issues

in the event investigations performed by the
INEL for NRC, certain patterns of behavior were
observed to recur. Perhaps the most important
were circumventions—the deliberate, non-mali-
cious Breaking of safety rules. The incident at
Indiana, Pennsylvania (MUREG-1480) involved
such failures. Other cages of deliberate mile-break-
ing were observed in at least two of the evernts
gvaluated by the INEL (NUREG/CR-60388), This
role-breaking behavior contributes to the erosion
of safety. The behavior is often brought on be-
cavse of such factors as prior false alarms {which
had 1o be ignored to get the job done), time or
work pressare, Or rules thax did not match the job,

13

T

Discugsions

Another commen factor was that the important
errors occurred in off-normal contexts, such as an
unuswal number of patients or participation by in-
experienced staff, 'When combined with some de-
ficiency in the human—-machine interface (labeling,
trairing, eic.), the result was & misadministration.

{cf. Appendix C-6.4)

343 Olher 158uss
Several ather factors must be considered in 2
medical risk assessmerit,
+ Many of the machines have very poorly de-
signed Inman-machine interfaces.

Written procedures (sther than nser mannals)
rarely exist for specific treatmenis; oral in-
gructions ate the most common procadures.

Workload can be very intense.

» Training {particvlarly in-service training) is
Limited.

»  Temporary personnel are often itvolved.

icf. Appandlx C-€.4)
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4. CONCLUSIONS & RECOMMENDATIONS

Al the end of each discussion session, the par-
ticipants summarized the session and developed
pertinent conclusions or recommendations,
Overall, it was found that performance of a risk as-
sessment would be consistent with the developing
NRC policy on risk-based regulation. The partici-
pants agreed that a risk assessment woald provide
benehits for bath the NRC and the medical com-
manity, and formulated several specific recom-
mendations for the NRC for the future of this pro-

ject.
id. Appendix C+6.7)
4.1 Benefits to NRC

The attendees at this workshop supported the
NRL's uge of risk assesement as an inponant tool

in the development of i ragulatory products in the
area of the medical uses of isotopes.

Risk assessment methods that provide under-
standing and insights into the level of safety w the
putlic, and the causes of harm to the public will
support the NRC in its misgion to ensure appropni-
ate stanwlands of safety. Risk assessment can iden-
tify which causes are most Important and what
regulatory actons may be most influential in in-
creasing the kevel of public safety.

Risk assessment, by its hieracchlical natuse, can
be performed at many levels of detail, By a care.
ful choice of the level of detail in the modeling,
risk assessmernds can provide support to the regula-
tory programs, as NRC itself has identified in its
Proposed Policy Scatement on the Uise of PRA
Methods in Nuclear Repulatory Activities.

4.2 Benafits to Usara and Licensoas

Rigk agsessment, by its integrated modeling of
the differemt facets of the medical uses of isctopes,
can allow the facilities to identify the features in
their own facilities that may give rise 0 opera-
tipnhal problems, and how such potantial problems
may be removed or reduced. For example, by per-
forming a risk assessment on a machine, the dif-
ferent kinds of human errors or equipment failures

that can result in wnsafe or inefficient outcomes
will be identified before these erroms or failures
will have occurred in practice, The facility may
then plan what steps it would take in the event that
such an ermor o1 failure occurred, and search for a
change in design or operating practice that could
remove the potential hazard before a patient was
unintentionally harmed.

With risk assessment models a facility is able to
explore whether changes in operation (such as
staffing changes} will have am effect on safety.
This would allow proactive assessments of

changes proposed to reduce costs or inaprove oper-
atinnal efficlencies,

Facility risk agsessments provide a basis for
discussions with NRC and others in the reguiatory
community {&.g.. the 11.5. FDA), to suggest after-
natives to proposed regulatory actlons, where it
can be shown that altemative regulations may
achieve the same overall effect but have less im-

pact on facility operatons.

4.3 Recommendad Approach for
Development

To provide the most effective fulfillment of
these wses of risk assessment, several modifica-
tions in current rick assessment methodology were
recommended. NRC is urged 10 view hese rec-
ommendations as candidates for ingremencal
changes in the methods used 10 date, rather than as
a condemnation of these methods.

Most important was the conciusion thar these
developments should Iake place in an applied risk
AFSeISMent.

4.3.1 Incremontal Development

In order 10 provide NRC with & risk assessment
methodology that will enhance the regulation of
medical uses of radioactive materials, the work-
shop identified improvements in the technology o
accommodzate specific issues. These developments
are agsociated with extending the sources of data,
improving the representation of human emrots and
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their causes, and refining the inferpretation of un-
acceptable outcomes.

I is important that the improvements are cost-
cffective; that is, the improvement in risk analysis
is expected 1o resalt in an improvement in regula-
tory practices. Developments that are unlikely to
relate to existing or proposed regulations should
not be wodertaken for their own sake,

These developments should be performed in-
crementaily, with each increasing degree bringing
a level of improvement in the teckmology.

43.2 Extending Data Sources

Data already exist in a variety of forms that are
relevant to the levels of risk from medical misad-
minisirations. These include the data concerning
the rates of events meeting the NRC reporting re-
quirements contained in 10 CFR 33, In addition,
there are data from evenis analyzed by the INEL
that contain more detatied information, particulady
associated with human ertors.

Pata arc reported by existing mechanisms o
NRC for the non-agreement states. These reports
identify misadministrations meeting NRC repon-
ing criteria provided in 10 CFR 335 However,
similar data have not been gathered in accordance
with a common standard from the agreement
states, which involve the majority of U.8.
rsidents,  Starting in 1995, consistent event data
will become available from thess siates, This wikl
increase the number of events available for use in
risk assessmends.

Whils these event reponis will provide addi-
tional unacceptable outcome data, there ar: no data
reported formally concemning the number of treat-
ments perfonmed. Such data are needed to aHow
caloulations of relative probabilities of urtaccept-
able outcomes, In principle such data do exist in
diverse locations, some of which are ni in a re-
ponable form ¢such ag patient hilling records).
Individual facilities maintain these records for
their own purposes, and summaries may be re-
poried o other organizations such as professional
bodies and accreditation agencies.

An examination of the data available al several
facilities will be nseful in estimating reatments at
similar facilities and determining the cost-benefit
of additional data collection.
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The NRC should obtain the readily available
dara from the organizations already invelved.

Where additional data are required, these can be
provided in many cases by expert judgment.
These judgments in many cases are needed only to
provide bounding estimates of particular items by
postulating, for example, “If event 'x' oceurred at
least a5 frequenily as T [some frequency estimate],
then I would expect 10 have at least several events
in the reported event data. 1 have seen no such
events reported, 50 the frequency of these cvents is
probably no more than f.”

4.3.3 Representing Human Emor

Human emors were identified in discussions as
an overwhelming source of misadministration
events (up to B4%), yet shis area represents one of
the weakest parts of risk assessment methods.

NRC is currently funding the development of
improved models of human esior (for example, the
GEMS framework) and the impact of organiza-
tional performance (for example, the WPAM
method) for nuclear power plant applications that
seemed directly celevant to the area of medical
misadministrations,

These rechniques should be considered during
the development and application of the risk as-
Sessme st merhads.

434 Daining Unaccepiable Quitcomes

Becauss of the unlimited variations possible in
brachytherapy and other radiation treainems, it is
not currently practical o establish specific radia-
tiem level standards for every case. Given this, the
NRC set a few gencral standards for gamma
stereotactic radiosurgery, teletherapy, brachyther-
apy. and several radiopharmaceutical uses.

The current brachytherapy misadministration
threshold for incomect dose is £20% of the pre-
scribed dosage. In establishing this value the NRC
worked with representatives froun major medical
professional associations.

Misadministrations are not limited to incorTect
tose magnitude. They alzo include administration
10 the incorrect patient, to the incorrect locaton,
via incorrect modalicy, etc. (See 10 CPR 35.2 for
a full defirdtion,)




435 Baseline Risk Assesamenl

A sample analysis should be undertaken using
the conventional tools of risk assessment (fault
trees and event trees), but supplemented with
methods to improve the understanding of the
causes of human errors. This sample analysis
could be of one procedure, such as LDR
brachytherapy (which is well undenstood and for
which many data exist, though for which the acual
health hazards are low), or be a comparative anal-
ysis between, for example LDR and HGR
brachytherapy (for which fewer data exist, bm
which has a greater potential for barm). This
samtple analysis should be at a sufficient level of
detail 10 enabie evaluation of its usefulness to both
NRC and licensees.

The sample analysis should then be subjected to
a review by NRC, physicians and physicists guali-
fied in the field, and nisk-assessment and human-
emer experts (such as those anending this work-
shop), to identify the strengths and weaknesses
with respect (0 meeting the purposes stated earlier.
That review should identify the next set of incre-
mental modifications required to satisfy NRC's
needs.  Such modifications should also be evalu-
ated for their benefit (o the licensees.

17
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The NRC should perform a Imited scope risk
gssessment as soon as possible ro establish a
baseline for incremenial developments.

44 Summary

The workshop ended with several specific rec-
ommenxiations for the NRC:

» A demonstration quaneitative risk assessment
of a specific medical device and modality
should be performed now

+ PRA Event and Fault Trezs supplemented by
Generic Error Modeling should be used

«  An estimared denominator should be estab-
iished _
»  The demonstration risk assessment should be

used as a baseline and foundacion for fotare
snrdies.

Performance of a risk assessment would be
consistent with developing NRC policy on risk-
based regulation.

{ed. Appandiy B-14)
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A.1. NRC PROPOSED POLICY STATEMENT ON THE
USE OF PROBABILISTIC RISK ASSESSMENT
METHODS IN NUCLEAR REGULATORY ACTIVITIES

SECY-94-218

August 18, 1994
FOR: The Commissioners

FROM.: James M. Taylor /fs/
Executive Director for Operations

SUBJECT: PROPOSED POLICY STATEMENT ON THE USE OF PROBABILISTIC RISK
ASSESSMENT METHODS IN NUCLEAR REGULATORY ACTIVITIES

PURPOSE:
To propose 3 policy statément conceming the use of probabilistic risk asscssment (PRA) methods
in nuclear regulatory activities.

To inform the Commission that the staff intends to publish the proposed policy statement in the
Federal Register for public comment,

DISCUSSION;

PRA techniques are valuable in the analysis of design, operation, and maintenance aspects that
affect muclear safety. PRA techniques are useful for separating out the important safety aspects from
the enimpontant; for determining prigrities and resource allocations; and for estimating the sources
and magnitude of risk, particulady relative risk.

NRC requirements associated with the defense-in-depth philosophy and with the deterministic
evalvation of design basis accidents have been effective in ensuring public health and safety. PRA
has been used o complement these traditional, nonprobabilistic methods of analyzing nuclear plant
safety and to facilitace the assessment of a broad range of beyond design-basis conditions mvolving
muliiple component failures or complex system interactions and interdependencies.

FERA methods have been applied successfully in numerous regulatory activities, proving o be a
valuable complement (o delerministic engineering approaches. Several recent Commission policies or
regulations have been based, in part, on a recognition of the value of PRA methods amd insighes,
Some of these policies and regulations Include the Backfit Rule (§50.109, "Backfitting™), the Policy
Staterent on "Safety Goals for the Operaton of Nuciear Fower Plants® (51 FR 30038), tiw
Commission's "Policy Statcment on Severe Reactor Accidents Regarding Future Designs and Existing
Plants,” (50 FR 32138), and the Commission’s “Final Policy Statement on Technical Specifications
Improvement for Noclear Power Reactors® (58 FR 30132). The NRC has also used risk-based
methndz: to refine the regulatory program for facilities and operations other than reactors. For
example, the EPA proposed regulatory standard for high level waste is probabilistic in nature and
requires a risk-hased analysis, referred to as a performance assessment.

The NRC has completed several important studies that focus on PRA applications, Recently, the
NRC's PRA Working Group. established by the Executive Director for Operations (ED(0), assessed the
status and initiated development of guidance for consistent and appropaiate uses of PRA. The NRC
Regulatory Review Group, also established by the EDOQ, reviewed Office of Nuclear Reactor
Regulation programs and practices with an emphasis focusing on replacing prescriptive requirements
and guidance with requirements based on performance and risk insights. The NRC Regulatory
Analysis Steering Group has been overseeing the development of guidance for supporting and
justifying proposed regulatwry actions. Significant recommendations ad guidance on the use of
PRA methods have resulted from these studies.
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[mplementation of a policy statement regarding the use of PRA methods in nuclear regulatory
activitics would improve the regulatory process in three areas; through improved risk-cffective safety
decision-making; through more cfficient use of staff resources, and through a reduction of
unnecessary busdens on licensees. To realize these improvements, the staff proposes to increase the
wie of PRA in reactor regulatory matters to the extent supported by the state-of-the-art in PRA
methods and data and in a maaner supportive of the NRC's traditional defense-in-depth philosophy.
However, expadled use of PRA in regulation may raise additional technical, policy, and kegal issues
that must be addressed 1o accomplish this goal. The staff has identified several technical issmes
associated with unceriainties in calculated probabilities, limitations in data and modeling, difficulties
in addressing design or construction errors, and limitations in modeling homan performance,
especially errors of commission and organizational or safety cullure issues. These technical issues are
being addressed n the staff's PRA Implementation Plan.

There are several imponant regulatory or resource implications that folow from the goal of
increased use of PRA techniques in reactor regulatory activities. First, the staff, licensees, and
Commission must be prepared to consider changes to regulations, (¢ guidance documents, 10 the
licensing process, and to the inspection program. Second, the staff and Commission must be
commitied to a shift in the application of respurces over a period of time based on risk findings.
Third, the staff must undentake a training and development program, which may include recniting
personnel with PRA experience, to provide the PRA expenise necessary to implement these goals.
Additionally, the staff must continue to develop PRA meihods and regulatory decision-making tools
and must significantly enhance the collection of equipment and human reliability data for all of the
agency's visk assessment applications, inkluding those associated with the use, (ransporiation, and
storzge of nuclear materials.

CONCLUSIONS:
Based on the discussions above, the staff concludes thal an overall policy on the use of PRA in
nuclear regulatory activities should be established 50 that the many potential applications of PRA can

be implemented in a consisteni and predictable manner thai promotes regulasory stability aned
efficiency. This policy statement would be valuable in articulating the Commission’s curment position
on the role of PRA in various regulatory programs amd in communicating that position to the staff,
the public, licensees and applicanis for licenses. In addition, the staff concludes that lessons-learmed
from operating experience amd utilizing PRA methods should be more aggressively applied 1o
achieve greater coherence in our overall regulatory program. Therefore, the stafil proposes a policy
statement {Enclosure 1) containing the following slements regarding the expanded NRC vse of PRA:

(1) The use of PRA technology should be increased in all reactor regulatory matters o the exient
supported by the state-of-the-art in PRA methods and data and in a manner ¢onsistent with, amd
complementary to, the NRC's traditional defense-in-depth philosophy (which is based, in part, on
gualitative risk considerations),

(2) PRA amd associated analyses (e.g.. sensitivity studies, uncertainty analyses, and imporance
measures) should be used in reactor regulasory matters, where practical within the bounds of the state-
of-the-ant, to reduce unnecessary conservatism associsted with current regulatory requiremerts,
regulacory guides, license commimnenis, and siaff practices. Appropriate procedures for
implementing changes to regulatory requirements should be developed and followed. The intent of
this policy is that existing rules and regulations shall be complied with unless revisions o these mles
and regulations are made on e basis of the PRA insighrs.

(3) PRA evalpations in support of regudatory decisions should be as realistic as passible and all
necessary supporting Jdata should be publicly available for review.

(4) The Commission's safety goals for nuclear power plants and subsidiary rumerical objectives
are to be used with appropsiate consideration of uncertaintics in making regulatory judgments both
in the context of backfiting new rmequirements on facility licensess and in granting relief from
unnecessary regulatory requirements.
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COCRDINATION:

The Office of the General Counsel has reviewed the proposed policy statement and has no legal
objection to it. The Advisory Committes on Reactor Safeguards (ACRS) reviewed the proposed
policy statement and discussed the policy statement with the staff at its May meeting. The ACRS
fetter discussing the Proposed PRA Policy Statement is enclosed.

RECOMMENDATION:
The staff recommemnds that the Commission:

NOTE that unless directed otherwise, the staff will publish the proposed PRA policy stalement
(Enclosure 1) in the Federal Register for 2 §0-day comment period. The staff will publish the
proposed PRA paolicy statement no earlier than 10 werking days from the date of this Commiszion
paper.

NOTE that the staff will continue 10 develop and implement a detailed interoffice plan for the
expanded use of PRA in regulatory activities and that this plan will be provided to the Commisgion in
Aumist 1994, The Staff Requirements Memorandum dated May 18, 1994, requesting additional
information regarding resources necessary to implement this proposed policy will also be addressed
in the PRA Implementation Plan.

Iames M. Taylor
Executive Director

for Operations

Enciosures: (1)  Federal Regisier Notice Regarding the Proposed PRA Policy Statement
(2)  ACRS Letier dated May 11, 1994
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ENCLOSURE 1
(NR.C Draft for FR, npt final versiom)[7590-01]
NUCLEAR REGULATORY COMMISSION
Use of Probabilistic Risk Assessment Methods in Nuclear Regulatory Activities;
Proposed Palicy Statement
AGENCY: Nuclear Regulatory Commission.
ACTION: Froposed policy starement.

SUMMARY: The Nuclear Regulatory Commission (NRCy is proposing a policy statement
regarding the use of probabilistic tisk assessment (PRA) in noclear regulatory matters. The
Commission beiieves that an overall policy on the use of PRA in nuclear regulatory activities should
be established s0 that the many potential applications of PRA methodotogy ¢an be implemented tn a
consistenl and predictable manner that promotes regulatory stability and efficiency and enhances
safety. The proposed policy statement woukd improve the regulatory process through improved risk-
effective safety decision-making, through more efficient use of agency resowrces, and through a
reduction in unnecessary burdens on licensees. The NRC will modify existing regulations and/or
develop new ones as a result of new information from accident behavior studies and risk data when a
sound scientific basis is found to exist.

DATES: Submit comments by (60 days after publication in the Federal Register). Commenis
received after this date will be considered if it is practical o do 50, but the Commission is able only to
engure congideration for comments received on ar before thiy date.

ADDRESSES: Send comments to: Secretary, U.S. Nuclear Regulatory Commission, Washington,
BC 20555, Anention: Docketing and Service Branch.

Deliver commenis 10: One White Flint North, 11535 Rockville Pike, Rockville, Marvland 20852,
between 7:45 am and 4:15 pm Federal workdays.

Copies of comments received may be examined at: NRC Public Document Reom, 2120 L Street
NW, (Lower Level), Washington, DC.

FOR FURTHER INFORMATION CONTACT: Thoemas G. Hiltz, Office of Nuclear Reactor
Regulation, U.S. Muclear Regutatory Commission, Washington, DC 20555. Telephone (301) 504-
1105,

SUFFLEMENTARY INFORMATION:
1. Background

II. Purpose and Scope

III. The Commission Policy

lication of PRA technology. This included
1. Background App :
This policy statement sets forth the lsh:fe ggﬁ'ﬁrﬂﬁimﬂrﬁl gj A‘;ﬁ_%‘?&
Commission's intention 1o encourage the wse IQTSWDn H}r ary 18, 1979, the NRC issued 3
of PRA and to expand the scope of PRA policy statement, entitled "NRC Statement of
applications in reactor regulatory matters o Risk Assessment and the Reactor Safety Study

the extent supported by the state-of-the-ant in Re s .
A port (WASH-1400) jn Light of the Rigk
terms of methods and data. The NRC is also Assessment Review Group Report” [Risk

wsing risk-based methods to refine the Assessment Review Group Report,

regulatory program for facilities and NUREG/CR-0400). In addition to addressi
) . , ng
operations other than power reactors.  Since specific criticisms of WASH-1400, the 1979

the early 1970s, the NRC has expended h ! .
significant resources in the development and policy staiement articulated limitations in the
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use of FRA in the regulatory arcna. Many of
these limitations have been addressed, bowever,
some still remain pertinent today. Primary
among these limitations is the characterization
of uncertaintics associated with calculated
prababilities of mactor accidents. PRA
methodologies have, however, provided a
better means for identifying and mazrowing the
range of uncertainty.

Untii the accident at Three Mie Island
{TMI} in 1979, the Atomic Encrgy
Commission (now the NRC). used probabilistic
crteria tn centain specialized areas of licensing
reviews. For example, site hazards, both man-
made (¢.g.. nearby hazardonps materials and
alrcraft) and natoral ¢e.g., tornadoess, floods,
and earthquakes), typically involved the use of
prababilistic argumemts and initiating
frequencies 1o assesg risks. The Standard
Review Plan for licensing reactors (NUREG-
0800) and some of the Regulatory Guides
supporting NUREG-0800, provided review
and evaluation guidance with respect 10
probabilistic considerations.

The TM™I accident substantially changed the
character of the analysis of severe accidents
worldwide. It led to 4 substantial research
program on severe accident phenomenclogy.
Both major investigations of the accident (the
Kemeny and Rogovin stedies) recommended
that PRA techniques be vsed more widely to
augment the traditional nonprobabilistic
methods of analyzing nuclear plant safely. In
1984, the NRC completed a study (NUREG-
105() that addressed the state-of-the-att in risk
analysis techniques.

PRA methods have been applied
successfully in numerous regulatory activites
and have proved to be a valuable complement
o determinigtic enginesring approaches. This
application of PRA represents an extension
and enhancement of tradidonal regulation
rather than a3 separate and different
technology. Several recent Commission
policles or regulations have been based, in
part, on 2 recognition of the valuve of PRA
methods and ingights. Some of these policies
and regulations include the Backfit Rule
($50.109, "Backfitting™), the Policy Statement
on "Safety Goals for the Operation of Nuclear
Power Plantg" (51 FR 30038), the
Commission's "Policy Sitatement on Severe
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Reactor Accidents Regarding Fupure Designs
and Existing Plants* (50 FR 32138), and the
Commission's "Final Policy Statement on
Technical Specifications [mprovement for
Nuciear Power Reactors” (38 FR 39132). An
example of a major past PRA application is the
Systematic Evalvation Program ¢SEP), in
which risk imporiance was used 0 assess the
significance of deviations from current
licensing criteria for some of the oldest
operating reactors. PRA methods also wem
uied effectively doring the anticipated
ransient without scram (ATWS) (850.62) and
station blackout (§50.63) rulemakings, amd
supported the genmeric isgsue prioricization and
resolution process. Additional benefits have
been found in the use of risk-based inspection
guides 1o focus NRC inspector efforts and
make more efficient vse of NRC inspaction
fESONIcEs.

In NUREG-1150, "Severe Accidemt Risks:
An Assessment for Five U5, Nuclear Power
Planis,” the NRC wused iechnological
developments of the 19805 to assess the risk
associated with five nuclear plants. This stedy
was 14 significant tuming point in the use of
risk-based concepts in the regulatory process
and enzbled the Commission o greatly
improve ite methods for assessing containment
performance after core damage and accident
progression. The methods developed for and
results from these studies provided a valvable
foundation in quantitative risk techniques.

Currenily, ihe NRC is relying extensively on
PRA techniques to agsess the gafety importance
of operating reactor evenis and is wsing these
techniques 25 an integral part of the design
certification review process for advanced
reactor designs. In addition, the Individual
Plant Examination (IPE) program and the
Individual Plant Examination - External
Events (IPEEE)} program (an effort resulting
from the implementation of the Commission's
“Policy Statement on Severs Reactor Accidents
Regarding Future Designs and Existing
Plants™) have resuvlted in commercial reactor
licensees using risk-assessment methods to
identify any wolnerabilitics needing attention.

. Purposs and

The NRC established its regulatory
requirements 0 ensure that a licensed facility
is designed, constructed, and operated without
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undue risk to the health and safety of the
public. These requirements are largely based
on deterministic engineerning cniteria, involving
the wse of multiple bamicrs and application of
a defense-in-depth philosophy. Beyond its
deterministic criteria, the NRC has additionally
formulated gwidance, as in the safety goal
pelicy statement, that wtilizes quantitative,
probabilistic risk measures. The safety goal
policy statement establishes top-level
objectives to help assure safe operation of
maclear power plants. For the purpose of
implementation of the safety goals, subsidiary
numerical objectives on core damape
frequency and containment performance have
been established. The safety goals provide
guidance on where plant rsk is sufficiently
low such that further regulatory action is not
ne¢essary.  Also, 2s noted above, the
Commission has been using PRA in
performing regulatory analysis for backfit of
cost-beneficial safety improvements al
operating reactors (as required by 10 CFR
50.109) for a number of years,

The application of PRA 10 nuclear
regulatory activities has evelved with
improvements in PRA techniques and data
bases. PRA techmiques can be used to derive
valuable insights, perspectives, and general
conclusions as a result of the inkegrated and
comprehensive examinajion of the plant
design and a structured examination of plant
and operator response o events. For a muclear
power plant, a plant-specific PRA can be wsed
10 derive plani-specific insights and
conclusions where appropriale plani-specific
modeling and data are available and vsed
appropriately. PRA sensitivity studies are
particularly useful in focusing designers,
operators, and regulators on important aspects
of design, operation, and maintenance.

The Commission has considered recent
improvements in nuclear technology and
aceumulated experience with risk assessment
methods, and concludes that increased wse of
these techniques as an integral part of the
regulatory decision-making process is now
justified. Consequently, the Commission tas
adopted the policy that the use of PRA should
be encouraged and the scope of PRA
applications in nuclear regulatory matters
should be expanded to the extent supported
by the state-of-the-art methods and data.

NUREG/CP-{144

An important aspect of the expanded use of
PRA technology would be a strengthening of
NRC's defense-in-depth  philosophy By
allowing quantificaticn of the levels of
protection and by helping to identify and
address weaknesses or overly conservative
regulatory requirements in the physical and
functional barriers.

However, the application of traditional risk
methadology used in assessing risk for power
reactors is limited for those applications where
failures are primarily the result of human
action, especially errors of commission and
organizational or safety culture issues. In
addition to [imitations in modeling human
performance, the Commission may need 1o
address several other technical issues. These
issues are related to the wncertainties in
calculated probabilities, Hmitations in data and
modeling, and difficulties in addressing design
or constrirction ¢orors, These issues have been
recognized and are being addsessed in the
#afl's PRA Implementation Flan.

In addition, the Commission expects policy
and legal issues to emerge as increased
reliance is placed on probabitistic- and
performance-based approaches 10 suppont
regalatory requirements and licensing
decisions. Some of these issues, such as using
PRA v assess the severity level of an
enforcement action, are being addressed in the
staff's PRA Implementation Plan. Those
emerging issues not addressed in the plan will
be addressed as necded,

. The Commission Policy

Although PRA methods and information
have thus far been used successfully in nuclear
regulatory activities, there are concerns that
PRA methods are not consistently applied
throughout the agency, that sufficient agency
PR Afstatistics expertise is not available, and
that the Commission is not deriving full
benefit from the large agency and industry
investment in the developed risk assessment
methods, Thersfore, the Commission believes
that an overall policy on the use of PRA in
muclear regulatory activities should be
established 30 that the many potential
applications of PRA can be implemented in a
consisten; and predictable manner that
promotes fegulatory stability and efficiency.
Implementation of the policy statement would




improve the regulatory process in three areas:
through improved risk-effective safety
decision-making; through more efficient use
of agency resources; and through a reduction
in vanecessary burdens on licensees.

Therefora, the Commission proposes the
fellowing policy statement regarding the
expanded NRC use of PRA:

(1) The use of PRA technology should be
incrzased in all reactor regulatory matters o
the exient supported by the state-of-the-ant in
PRA methods and data and in a manner
consistent with, and complementary to, the
NRC's traditienal defense-in-depth philosophy
(which is based, in pan, on gualitative risk
considerations),

(2} PRA and associated analyses (e.8.,
sensitivity studies. uvncertainty analyses. and
importance measures) should be used in
reactor regulatory matters, where practical
within the bourds of the state-of-the-an, to
reduce unnecessary conservatism associaied
with current regulatory requircments,
regulatory guides, license commitments, and
staff practices, Appropriate procedures for
implementing changes to  regulatory
requirements should be developed and
followed. The intent of this policy is that
existing mies and regulations shall be
complied with unless revisions to these rules
and regulations are made on the basis of the
PRA insights.

(3) PRA evaluations in support of
regulatory decisions should be as realistic as
possible and all necessary supporting daia
should be publicly available for review.

{(4) The Cemmissior's safety goals for
nuclear power plants and subsidiary numerical
objectives are to be used with appropriate
consideration of uncertainties in making
regulatory judgmenis both in the context of
backfitting new requirements on facility
licensees and ia granting relief from
uwrmgcessary regulatory requirements.

There ame several important regulatory or
resource implications that follow from the goal
of increased wse of PRA technigues in miadtor
regulatory activitigs, First, the NRC staff,
licensees, and Commission must be prepared
o consider changes to regulations, (0 guidance
documents, to the Heensing process, and to the

A-7

SECY-94-218

ingpection program. Second, the NRC staff
and Commission must be committed t0 a shift
in the application of resources over & period of
time based on rigk findings. Third, the NRC
staff must undertake a fraining and
development program, which may include
recruitdng personnel with PRA experiente, to
provide the PRA expertise necessary (o
implement these goals. Additionally, the NRC
staff must continue to develop PRA meathods
and regulatory decision-making tools and
must significantly snhance the collection of
equipment and human relizhility data for all
of the zgency's rigk assessment applications,
including those associated with the wse,
transportation, and storage of nuclear
materials.

This policy statement affirms the
Commission's belief that FRA methods can be
used to derive valuable insights, perspective
and general conclusions as a result of the
integrated and comprehensive examination of
the design of the nuclear facilities, its response
to initiating events, the expected interaction
between its elements and between the facility
and operating staff, and the structured
examination of its operating charactetistics,

Dated at Rockville, this
day of 1994,

For the Nuclear Regulatory Commission

Maryland,

Samuel J. Chilk,
Secretary of the Commission
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A.2. NRC PROPOSED AGENCY-WIDE
IMPLEMENTATION PLAN FOR PROBABILISTIC RISK
ASSESSMENT (PRA)
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Aupost 19, 1994
FOR: The Commissioners

FROM: James M. Taylor /&
Executive Director for Operations

SUBJECT: PROPOSED AGENCY-WIDE IMPLEMENTATION PLAN FOR PROBABILISTIC
RISK ASSESSMENT (PRA)

PURPOSE:

To inform the Commission of the proposed agency-wide PRA Implementation Fian that provides
the necessary ineroffice framework for strengthening and increasing the use of PRA teclmology in
agency regulatory activities.

DHSCUSSION:

In a November 2, 1993, memorandum to the Execuotive Director for Operations, the directors from
the Office of Nuclear Reactor Regulation (NRR), the Office of Nuclear Material Safety and
Safegvards (NMSS), the Office for Analysis and Evaluation of Operational Data (AEOD), and the
Office of Nuclear Repulatory Research (RES) collectively focused on the findings of and
recommendations made by the PRA Working Group, the Regulatory Review Group, and the
Regulatory Analysis Steeting Group regarding the status of PRA nse and iis rele in the regulatory
process. In the memorandum, the Office Ditectors concurred in the need to systematically expand
the use of PRA within the agency. In order (o ensure that the many potential applications of PRA can
be implementad in a congistent and predictable manmer that promotas ragulatory stability and
efficiency, the staff commenced work on an interoffice PRA Implementation Plan.

In order to establish top-level guidance on the use of PRA in nuclear regulatery activities and aid
in development of a detailed PRA Implementation Plan, the staff proposed a policy statement
regarding the use of PRA in regulatory activities. On August 18, 1994, the staff forwarded SECY -94-
218, "Propased Policy Statement on the Use of Probabilistic Risk Assessment Methods in Nuclear
Fepulatory Activities,” to the Commission In that Commission paper, the staff stated that an overall
policy on the use of PRA in nuclear regulatory activities shouwld be established so that the many
potential applications of PRA can be imptemented in a consistent and predictable manner that
promotes regulatory stabilicy and efficiency. In addition, the stafi stated that the use of PRA
technology in NRC regulatory activities should be increased. The increased use of FRA meihods and
technology is not intended to supplant the defense-in-depth based regulations, bet to complement
those deterministic methods by using PRA technology in activities where methods and data are well
understood. Even where data may be sparse, the technology may also represent a valuable
supplement to the detemninistic methods. The staff believed the increased use of PRA technology
would lead to improved risk-effective safety decisions, more focused and efficient utilization of NRC
staff resources, and reduced industry burdens.

The: Office of NMuclear Reactor Regulation (NRR) coordinated the ciforts of the Office of Nuclear
Regulatory Research (RES), the Office of Nuclear Materials Safety and Safeguards (NMSS), and the
Oiffice for Analysis and Evaluation of Operational Data (AEOD) in the joint development of the draft
PRA Impleamertation Flan. The PRA Implemsntation Plan was developed to ensore that the increased
use of PRA methods and iechnology in nuclear regulatory activities would be implemented in a
consistent and predictable manner that promotes regulatory stability and efficiency. This PRA
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Implementation Plan provides the framework for management oversight of the increased and
appropriste use of PRA methods and technology in regulatory activisies.

The proposed PRA implementation plan (enclosed) is considered a "living” document and is
provided for the Commission's information, The staff considers the PRA Inplementaton Plan 1o be
4 managememt tool that will help ensure the timely and integrated agency-wide use of FRA methods
and technology. PRA methods have been applied successfully in numerous nuclear regulatory
activites and have proven to be a valuable complement to determindstic engineering approaches.
However, the increased ase of PRA in nuclear regulatory activities has broad implicatons and could
result in changss in many arcas associated with our current regulatory framework., These arcas,
considered by the staff in developing the drafi FRA Implementation Plan, may include: changes io
regulations and guidance documents and ingpection programs; a subsiantial shifi in staff resources
icluding recraifing and training programs to provide the necessary FRA expenlse, an increased
emphasis on continued development of PRA methods amd decizsion-making tools, and enhanced
reliability data collection. As discussed in SECY-94-218, expanded use of FRA in muclear regilatory
activities may raise additional policy, techrical, and legal issues thar will be considered in subsecuent
modifications 1o the FR.A Implementaton Flan,

The Advisory Committee on Reactor Safegnands (ACKS) discussed the draft PRA Implementarion
Plan during its May 5-7, 1994, meeting. The ACRS recommended that the PRA Implementation Plan
1) emphasize improving and adding consistency to cost/bepefit analyses, 2) address the need for
contimeing PRA research, and 1) be made available for public comment. Although not part of the
PRA Implementation Flan, the staff is addressing improving and adding consistency to cosgbenefit
analysis. The staff's Regulatory Analysls Guidelines (NUREG/BR-0058, Rev. 1) 2re being revised.
Further, a draft Regulatory Analysis Technical Evaluation Handbook {NUREG/BR-0184) has been
prepared. The need to conduct PRA research has been incomporated into the proposed PRA
Implementation Plan. The staff plans to solicit public comment on the PRA Implementation Plan
through a public wotkshop to be held this fall.

In ts Staff Raquirements Memorandum of May 18, 1994, the Commission regquested additional
information regarding resources necessary to implement the proposed PRA Policy Statement and the
FRA Implementation Plan, In Section V.A of the enclosed PRA Tmplementation Plan, the staff
discusses jts strategy for ensuting that adequate resources are made available to fully implement the
plan.

The staff plans to provide the Commissiott with semi-annual updates on the status of actions
discussed in the PRA Tmplementation Plan.

James M. Taylor
Executive Director
for Operations
Enclosure: PRA Implementation Flan
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PRA IMPLEMENTATION PLAN
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prepared by

Office of Nuclear Reacior Regulation

Office of Nuclear Regnlatory Research

Office of Nuclear Materials Safety and Safeguards

Office for the Analysis and Evaluation of Operaticnal Data
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. BACKGROUND
1A Iatroduction

The 1979 nuclear accident at the Three Mile Island (TMI) nuclear power plant sabstantially
changed the character of the analysis of severe accidents worldwide. Both major investigations of this
accident (the Kemeny and Rogovin sludies) recommended that the staff increase its wse of
probabilistic risk assessments (PRAS) to suwgment #s traditional, nonprobabilistic methods of
analyzing nuclear plant safety. It also led (o a substantial research program on severe accident
phenomenology.

The issuance of NUREG-1150, "Severe Accident Risks: An Assessment for Five U5, Nuclear
Power Plants," for which the Muclear Regulatory Commission {(NRC) staff fook advantage of the
techoalogical developments of the 19805 1o assess the risk, including containment performance and
consequence analyses, associated with five selected plants, represented a significant twming point in
the use of risk-based concepts in the regulatory process. Similary, since the mid-1970s the NRC has
conducted a mumber of studies on risk associated with the fucl cycle including, for example,
transportation and high- and low-level waste management.

PRA methods bave been applied successfully in numergus regidatory activities, proving to be a
valuable adjunct w0 determindstic engineering approaches. Several mecent Commission policies or
regulations have been based, in part, on a recognition of the valuve of FRA methods and insights.
Among these policies and regulations include the Backfit Rule (§50.109, "Backfitting™), the Policy
Statement on "Safety Goals for the Operation of Muclear Power Plants,” (51 FR 30038), the
Commission's "Policy Statement on Severs Reactor Accidents Regarding Future Designs and Existing
Plants,” {50 FR 32138}, and the Commission's "Final Policy Statement on Technical Specifications
Improvement for Nuclear Power Reactors,” (58 FR 39132). In addition to the past application of risk
asscssment techniques in the Systematic Evaluation Program and rulemaking on anticipated transients
without scram, PRA methods were ntilized effectively during the station blackout rulemaking and in

support of the generic issue prioritization and meselution process. Cumenily, PRA iechniques are
being used to assess the safety importance of operating reactor events and as an integral part of the
design certification review process for advanced reactor designs. The NRC has also used risk-based
methods to refine the regulatory program for facilities and operations other than reactors, For
example, the Environmerntal Protection Agency (EPA) proposed regulatory standard for high level
waste is probabilistic in nature and is referred to as a "performance assessment,"

LB Review Groups

Therg have been spme recent criticisms of the staff's use of PRA. Primarily, these criticisms arg
that PRA methods are not applied consistently throughout the agency, that sufficient staff PRA and
statistical expertise is not available, and that the staff is not deriving full benefit from the large agency
and nuclear reactor industry investment in developing and applying risk assessment methods. To
address these concerns, the agency established three high-level review groups, Specifically, (1) the
PRA Working Group has assessed the status of and inidated development of guidance for consistent
and appropriate current usss of PRA; (2} the Regulatory Review Group bas reviewed NRC processes,
programs, and practices with a focus on seeking replacement of prescriptive requirements and
guidance with requirements based on performance and the use of risk insighis; and (3) the
Regulatory Analysis Steering Group has updated guidance for conducting regulatory analyses,
including use of risk insights, for proposed regulatory actions. During this same period, the nuclear
power indusery established the Nuclear Energy Institute (NEI), formerly the Nuclear Management
and Resources Council (NUMARC), Regulatory Threshold Working Group to promote the use of
probabilistic safety assessment technology and other new approaches to regulation as an aid to focus
industry and regulatory attention and resources more effectvely on safety concemns. The staff has
prepared a proposed Comunission policy statement to declare the agency's commitment o increase
the use of PRA metheds and insights in its regulatory activities. This palicy statement would
articulate the Comemission's position on the role of PRA in variows regulatory programs and
communicates that position to the staff, the public, licensees, and applicams for licenses.
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i. PRA IMPLEMENTATION PLAN GOAL

In » November 2, 1993, memorandum 10 the Executive Director for Operations, the NRC Office of
Nuclear Reactor Regulation (NRR}, Office of Nuclear Material Safety and Safepuands (NMSS), Office
for Analysis and Evaluation of Operational Data (ABOD), and Office of Nuclear Regulatory Research
(RES) coliectively focused on the findings of, and recommendations made by, the above three NRC
study groups regarding the status of PRA use and its role in the regulatory process. In the
memorarsium, the offices concurred in the need to systematize and expand the use of PRA within the
agency. A proposal was made to formulate a ¢omprehensive plan for the application of PRA
technology and insights throwghout the agency. It is expected that this plan will provide the
framework for continued and future applications of PRA at the NRC.

Development of a plan of this type is especially timely in recognition of Presidential Executive
Order 12866. Among other guidance, this order calls for regulatory agencies to consider the degres
and nature of risks posed in setting their regulatory priorities, as well as costs and benefits of intended
regulation. NRC's large investment and substantial experience in the development of PRA
methodology and in selected applications puts it in a strong position to implement the executive
order.

This integrated PRA plan will provide substantial benefits, including
+  improved regulatory decisioni-making,

+  more efficient vse of agency resources in focusing cfforts on the most safety-significant
isgues, and

+  meduced industry burden in responding 1o less safety-significant issues.

Themfore, the goul of the FRA Implementation Plan is 10 achicve these benefits by increasing the
use of PRA in regulatory matters to the cxtent practical given the starc-of-the-art in PRA methods and
data available, This goal implies risk-based regulation in its broadest sense and raises fochnical,
policy, and legal issucs that must be addressed. An important aspect of the expanded use of PRA
technology in reactor regulation will be a strengthening of NRC's defense-in-depth philosophy by
allowing quantification of the levels of protection and by helping to identify and address weaknesses
in the physical and functional barriers, should they exist.1

The stafi recognizes that there are limitatlons in the curment applications of PRA technology.
However, these limitations are not necessarily wnique 10 tx: PRA technology and can also apply to
deterministic methods. In general these involve practical limitations in methods, models, and data
used in PRA's which cat introduce substantial uncertainty, both quantified and wnquantified. This is
especially true in the analysis of certain human perfoniance issues, common cause failure analysis,
and evaluation of seismic hazards. Human performance issnes associated with errors of commission
and organizational and management issues are examples of areas where curmment PRA's are limited.
While these limitations may affect the precision in estimated risks, the PRA frame work offers a
powerful tool for logically and systematically evaluating the sensitivity and importance to risk of
these issues and their associated vncertgimiies. Reliance on PRA wechnology in decision-making
continpes {0 increase.

It is impostant to note that not all of the agency's risk management actvities lend themselves 0 a
risk analysis approach that ptilizes a probabilistic, fault tree methodology. As mentioned earlier,
current PRAs are of limited vsefulness for modeling cenain human performance considerations,
especially emrors of commission and organizational or management issnes. In the areas of industriat
and medical uses of nuclear matetialg, for instance, the primary contributor 1o overcxposures is

INote: The defense-in-depth philosophy for Teactors is essentially equivalent to the multi-barrier
concept used for a geologic repository for disposal of high-level waste.
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human error. Alsc of note is the difference in the availability of failure data for nuclear reactor and
industrial or medical events. Materials events are generally frequent encugh 1o allow siatistical study,
whereas reactor events are infrequent and raquire the use of probabilistic techniques,

Given the dissimilarities in the nature and consequences of the use of nuclear materials in reactors,
industrial sitwations, and medical applications, the PRA Implementation Plan recognizes that a single
approach to risk management is not appropriate, The staff will, however, share methods and insights
to ensurs that the best use is made of available technigues w foster consistency in NRC decision-
making. The updated NRC guidelines for conducting Regulatory Analysis are expected to be an
important step forward fostering this agency-wide consistency.

There are several important implications that follow from the goal of increased wse of PRA
techniques in reactor regulatory activities. First, the staff, licensees, and Commission must be
prepared to embrace changes to regulations, 10 guidance documents, to the licensing process, and to
the inspection program. Second, the staff and Commission must be committed 10 a shift in resources
based on risk findings. Third, the staff must undertake a recruiting and training program to provide
the necessary PRA expertise. Additionally, the staff must continue 10 develop PRA methods and
regulatory decision-making tools and must significantly enhange the collection of equipment and
human reliability data for &l of the agency's risk assessment applications, including those associated
with the use, transportation, and storage of nuclear materials,

fil. DISCUSSION OF ISSUES RELATED TQ RISK ASSESSMENTS OF REACTORS
HTA Deacision Criteria

NRC's regulatory requirememts were developed o ensure that a licensed facility "can be operated
without undue risk to the health and zafety of the public” (Appendix A, 10 CFR Part 30). They are
largely based on detemministic engineerdng criteria involving the use of multiple barriers and defense-
in-depth. Implementation of this plan will increase the systematic vse of risk assessment technigoes.
To ensure consistent and appropriate decision-making that incorporates PRA methods and results, it

iz crucial that coberent and clear criteria ape applied. As pant of this plan, such decision criteria will
be established (incorporaiing safety goals and backfit sule considerations) that address the
interdependence of probabilistic risk and deterministic engineering principles. The process of
developing these criteria will involve communications among the NRC, the nuclear industry, ani the
public to ensure an understanding by all parties of the role of PRA methods and results in NRC's rizk
management ¢fforts,

fiL.B Data

The NRC staff uses equipment performance data in the conduct of PRAg, reliability analyses,
component failure studies, and plant aging studies; identification and resolution of generic issues;
preparation for inspeciions; and reviews of technical specifications change reqoests. For thesa
purposes, the siaff wses generic data supplemented with a limited amount of plant-specific data, The
use of the generic data ig problematic because the data have not been verified or updated and do not
differenniate between plant-to-ptant variations in performance or changes in performance as r2acior
planis age. The ad hec coliection of plant-specific data is costly and inefficient.

The availability of human performance daia is even more problematic. One reason is the lack of
established and accepied human performance analysis methods and models upon which to base the
coillection of human performance data. This is particularly imponant in the analysis of operator
perfiormance in response to events during which both acts of omission and commission may occur.
Human reliability methods and data are cwmrently the focus of research and limit=d evaluations of
human performance issues raised by analysis of operating reactor events.

Asg the NRC mnd the nuclear reackor industry move toward greater use of PRA, the need for better
data on human performance, plam-specific safety system availability data (at the rain level), and
equipment reliability data will increase with the increased role of PRA in the regulatory decisions
making process. Increased avaitability of data on equipment and human performance Is very
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important 0 implementing many risk-based regulation initiatives. For example, this information is
essenrial for implementing the maintenance rule and in supporiing the development of tisk-based
technical specifications.

This plan recognizes the need to collect equipment and human performance data and includes an
approach for collecting this data, derived from operating experience, 10 continue to provide a sourge
of creditde performance data for NRC use in the regulatory process.

HI.C Consistent Methods

The PRA Working Group identified the need for the development and use of consistent PRA
models and methods. Some steps toward this goal have already been taken, such as the use of RES-
developed codes by agency staff. Other tasks that are now being undertaken include the
development of more user-friendly computer interfaces; the development of low.power and
shutdown models, extemal events models, and Level 2/3 PRA models compatible with the needs of
events assessment stafl; and the development of methods for consisiently identifying the appropriate
detailed PRA model for vse in the analysis of individual events or issues.

It is important to note that not all of the agency's risk management activities lend themselves to a
risk analysis approach that utilizes a probabilistic, fault tree methodology. This plan recognizes that a
single approach to risk management is not appmopriate. RES hag the Iead responsibility for
developing and validating risk assessment models and methods.

D Training

Implementation of the plan will require wsers and developers of the new methods to have
significant experience in PRA methods and statistics. It will take Hme for these staff members t0 gain
the necessary experience. Some of the inowledge and skills needed t do this work can be oltaiped
though traditional training. However, on-the-job traiming, classroom instruction, and industrial
experience will be needed in order to acquire some of the required knowledge amd experience.
Becrviting of outside experiz and intengified development of current staff members will likely be
necessary 1o gain this seaff experience. This process will take several years to accomplish and will be
a major factor in the success of the PRA plan and in establishing the pace of its implementation.

Another issue is the training of the staft who will not be directly working with PRA methods, As
the agency shifis to greater vse of, and reliance on, PRA methods and risk-based regulation, all
technical staff members, including inspectors, will nead o develop an understanding of the strengthe
and weaknesses of PRA methods and their use. Training of such staff will be a critical part of the
change in the regnlatory culture of the agency. This training will require a large resource
commitment over the next several years, since the number of staff members who will need the
Irsining is large.

To support the goal of improved regulatory activities twough increased use of PRA technology,
this plan includes an extensive teaining program. This training program is bassd on the gystems
approach o training, which includes completing job task analyses, developing leaming objectives,
developing and delivering courses, soliciting student and management feedback, and modifying the
PRA training program as necessary.

iv. RISK-BASED CONSIDERATIONS IN OTHER THAN REACTOR PROGRAMS
V.4 Decision Criteria

There will be significant benefit from the cross-fertilization of the experiences gained from risk
assessments 43 applied to NMSS facilities and operations with the experiences from PRA for power
reactors. However, traditional methods vsed to assess risk in power reactors are not always
appropriate for those NMSS appiications where failures are primarily the result of human action and
are only secondarily due o equipment-modes of failure, For NMSS-associated applications, risk-
based methodologies will be psed to the extent that the complexity of the system and the risks posed
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by the system require a particnlar complexity of analysis. and to the extent it can be supporied by the
state-of -the-art in terms of methods and data.

The NRC staff has used these criteria to assess the appropriate applications of probabilistic safety
assessment techniques (which include PRA and other systematic safety assessment methods) to lows
level and high-level radioactive waste disposal in the form of performance assessments. Furthermore,
the 1985 version of 40 CFR Part 191 (EPA's high-level waste standand) prescribed the use of
probabilistic safety assessment techniques (i.e.. performance assessments) 10 assess the safety of the
disposal of high-level nuclear wasi¢. To provide additional assurance that the EPA regulations are
satisfied, the Commission has formulated addidonal regulatory reqpitements in 10 CFR. Part 60
(including determiniatic requirements for some subsystems of the repository). Future techniques to
be: used for the assessment of risk for a high-level waste faciiity will depend on ihe requirements and
standands that are ¢xpected to be developed by the EPA in 1995 as required by the Energy Policy
Act of 1992. The Energy Policy Act of 1992 also requires that within 1 year the NRC is to modify
its technical requirements in 10 CFR Pan 60 10 be consisient with the requirememts to be developed
by the EPA.

IV.B, Congistent Methods

The NRC has been developing performance assessisent methods for Tow-level and high-level waste
since the mid-19708 and intensified using performance assessments echniques in the late 19805 and
early 1990s. This has involved the development of concepiual models and compater codes to modal
the disposal of wasie. Because waste-disposal systems are passive, the fapli-and-event-tree methods
used for active systems in PRA studies for power reacoors hiad o be adapeed to provide scenario
analysis for the performance assessment of the peologic repository at Yucca Mountain, Nevada. In
regard » high-level wasie, the NEC staff participates in a variety of intemnational activities (e.g.. the
Performance Assessment Advisory Growp of the Organization for Economic Cooperation and
Development, Nuclear Energy Agency) 10 ensure that consistent performance assessmemd methods ane
used to the degree appropriate. In regard to nuclear medicine applications., NRC coniractors have

recently completed the preliminary development of a relative risk-ranking approach for analyzing
muclear medical devices.

V. AGENCY RESQURCE IMPLICATIONS
V.A Reactor Applications

Each Office associated with this PRA Implementation Plan bas considered the resonrees requined
to implement this plan and has made or is making organizational changes or commimments
supparting the emhanced use of PRA in reactor regulatory activitics. NRR, for example, has initiated
plans to add five senior positions 1o its Probabilistic Safery Assessmeni Branch and one Senior Level
Service (SLS) position. The recend AEOQD reorganization highlights the imporiant roke of PRA wiih
the renaming of the Trends and Patiems Analysis Branch 1o Reliability and Risk Assessment Branch.,
AEOD's Techmical Training Division has initially re-programmed approximaiely 2 full rime positions,
from the Reactor Technology Training Program, io work on the identification of PRA training needs
and the subsequent cwrriculum development.  The recently-proposed RES reorganization
consolidates its PRA staff and methods devetopmendt, staff support, and IPE/TPEEE review uncrions
from three branches info one branch, improving the efficiency of the use of these smff resources,

The staff has started implementing portions of the PRA Implementation Plan. Initially ¢his plan
requires significant resources because of the developmental nature of the activities (e.2., development
of decision critera, guidance docoments, frainintg curricula, eic.). Cucrent saffing level and level of
expertise in the PRA area is not sufficient 1o fully implement this plan. Therefore, the staff plans to
1) augment its corent staffmg in the PRA area with personnel wha have experise in PRA methods
and technicues and 2) develop additional in-house FRA expertise,

The resources needed to implement the PRA Implementation Plan will result from strategic hiring,
re-dirsction of existing staff technical regources, including both technical reviewers and inspectors
{from reduction in lower priority reviews and inspections), and conversion of management positions
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as part of the agency's streamlining initiative, The staff plans to add personnel in the PRA area to 1)
analyze and apply PRA technigques to safety decision-making, 2) continue agency waining in PRA
methods and applications, and 3) develop guidance and implement risk-based (risk-focused)
inspections and reviews. As staffing levels allow, priority consideration will be given to filling future
vacancies with PRA skilled recruits. In the long term. existing staff resources will be re-directed 10
suppori the enhanced usage of PRA methods as outhined in this plan. This shifi in resources will take
place over several years after 1) considering the progress of owr recruiting and training programs amd
2} identifying less nisk-significant areas where fewer staff resources are needed.

PRA expertise will be developed through modifications to the cumrent PRA curriculum and
additional curriculum development, Trainitg will be used w increase the PRA skills of the current
staff over the next several years. Where staffing and expertise levels are noi keeping pace with
emergent requirements associated with enhanced use of risk-based methodologies, the staff will
procure techinical assistancefconiracior support. Contractor support will be used to supplement the
staff's inowiedge fevel as the staff continues (o develop its own in-house 2xpenise.

V. B, Non-Reactor Applications

An agency poal is to develop staff capability to review and provide timely feedback on major
performance assessments and to make adequate independent licensing decistons. Training neseds to
meet this goal are currenily being evaluated, and it is anticipated that training will be developed to
address thess needs,

The NRC aniicipaies that the staffing for activities associated with performance assessment is at the
appropriagte level through fizcal year 1997, Additional staff o address the anticipated Ievel of
complexity of the Deparment of Energy's performance assessment are provided for in outyear
budgets. Risk assesement capability (including specific training) 0 deal with emerging issues in
using risk analysis 10 analyze the use of nuclear medical davices will be augmented as required by the
demands of the developing methodology.

Vi. PRA IMPLEMENTATION PLAN DEVELOFPMENT
VI.A Process

Ag a result of significant confributions to this plan by the Regions and headquarers program
offices, regulatory activities for which PRA and other risk-based methodologies can have a role were
identified. Asg pant of the development of this plan, each office established an approach for
accomplishing the poals and objectives for FRA use in its regulatory activities. The issues congidered
include objectives, methods, guidance development, training, regulatory changes, PRA methods and
data, and resource implications.

The appendix containe tables detaiting the results of this planning effort o date. Specifically,
these tables give an overview of the objectives and methods associated with increasing the use of PRA
technofogy in specific areas of reactor regulation and identify additional non-reactor programs areas
where rigk-based methodologies are being considersd. More detailed intemal planning documents
are being developed by each program office to specify responsibilities, approaches, interface
requirements, and interim milestones.

VI.R Palicy Statement

As discussed earlier, the staff has prepared a proposed policy statement to declare the agency's
commitment to increased use of PRA methods and insights in its reactor regulatory activities. This
proposed policy statement would articulate the Commission's current position on the role of PRA in
varions regulatory programs and it would communicate that position to the staff, the public, licensees,
and applicants for licenses. This is paticularly important becawse significant improvements have
been made in PRA methods, the NRC staff and indusiry have acquired additional experience in
applying PRA. and becanse substaniial operating experience has been accumulated gince the
Commission last published a policy statement on the use of PRA in 1979

A-17 NUREG/P-0144




SECY-94-219

The staff plans to issue the proposed policy staterment for public comment in September 1994,
The staff plans to continue discussions with the Advisory Committee on Reactor Safeguards (ACRS)
on the proposed PRA policy statement in Janwary 1995 and preseat the final PRA policy statement to
it Commission in March 1995, The staff anticipates publishing the final policy statement by April
1995 and intends to periodically brief the ACRS on the status and progress of the PRA
Implementation Plan,

VILC Ongoing Activities

During finalization of the PRA policy statement, the NRC will continue its current activities as
ocutlined in the PRA Implementation Flan including the development of consistent PRA models and
methods and will expand the data base on human perfomaance reliability, plant-speciiic safety system
availability, and equipment reliability,. The NRC staff has been wsing PRA in design certification
reviews, operating event assessments, licensing action reviews, and performance assessments of low-
level and high-level radicactive waste disposal. In addition, the NRC will continue iks carrent activities
agsociated with industry initiatives, including the following
- J;;ﬁndix B, Quality Assurance - Initiate pilot graded quality assurance program in September

«  Appendix J, Containment Leakage - Publish proposed vule in late fall of 1994,

« Generic Letter 39-10, Motor Operated Valves - Follow up on industry implementation of the
NUMARC and owners' group guidance conceming operability of motor-operated valves.

= Development of 2 means to establish an equipment reliability and availability database w suppon
the maintenance rule and performance-based regulation,

The staff will continve to work with NEI to identify areas of mutual interest for the use of PRA
methods and insights end plans (0 continue its interactions with the Institwte of Nuclear Power
Opcrations (INPOQ) concemning strengthening availability of plant-specific failure data.
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Regolalocy Activiy

Objectiven

1O REACTOR REGULATION

Meshods

L1 DEVELOY
DECISIN
CRITERIA FOR.
REGULATORY
APPLICATIONS OF
PRA

* Drvebop decktion criicrin Fox
desemining when Ut is peaciical 10
eahance the regulmery dacision-making
procenl thenush the use of PRAS
therelry, mchieving the benadita of
mnproved wpakniory desiilon-making,
an well as, wioee cilicho wie of agensy
d Pudweiry rescurces,

* Devermibr mectloks for dealing with vaceriatos.

* Evaluae available dustry goidisce.

* Doveley o deadl pouition docwmren) tha &efioes proposed decislon criteda

* [noarponile tXperitnce froon mitiad piicl appllcaims, soch a8 turc Under Lo 1.7 behrr.
* Solicis public comment om proposed decision. critcyis.

* Develop riak-bared criterin for phan-
specili snd geneyic reguluiony
devizhomd im thoke amens dese i
paclical wing te eriteria deveboped
abow,

* Kentify FEA data ssd infomeatiol needed to suppon nxfT evaloalion of gensnc andfor pla-
spepific PRA reswdts within the cosaex of varow regoliccy activitica,

¥ Conaider extesslon of safcty goal comcepin bo specific mpplcations.
* Evaluste swailablc indualsy pwidance,

* Develop draft goidmice wnd decishon criteris For the uss of PRA moiull in regulaiony
it

* Solicil pablic comment on propoded ghidancs and decition oriveria.
* Finaiize guidance docrmant.

* Revise dacisica critesia based on | o
2 yEars eapereoos, ¥esiseu the

npproperiateness of the decision s
and etaff wie of visk-Tused methods amd

intights.

* Compare decision criteria vo stalf posiliors amccisted with micted "FRA applicaiion” areas.

* Provide recomonendsiions 10 eneure conskneney in rudf posilions scross "PRA sppHcsiion™
AnEay, 11 mecded,
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Dirjeciives

1.0 REACTOR REGULATION (CONT.)

¥ Dovelop gl pasiticos ot chpzging,
anpociated with:

L. Boww operuted valver.,

2 Regolsory oredit fri dui-Jine gysem
W0 manitor risk (2.9 &9 relsted Lo
complitnce with e malmensuce male,
wypem condfigomtion control xed on-line
Ml

3. ISIAST reguireowp.

&, Graded quality memtands.

& Coouminment leskage requiremends,
{L Fire proitenion.

¥. Munteramce Kule,

5. Kisk-based allematives $0 correok
sysiem of desermininic bechnical

* [merface with indesiay groups.

* Evafumion of spproprine docamonstion ie.§., JOCFR, SRP, Rey Guides, inspection
provedares, and indusiey codes) ko hleatify dheamenis critical 10 schievikg the Jment of exining
Mequiremants.

* Evaluadiog of iodusttry propadl.
* Evabusiicw of industry pilon progmm nplementaliog.

* Ay appropriake, identify propoded repolatory docomenl prvicons s develop associnicd
repdisiony saalysis 10 suppan sceomumended revbiom.

L3 INSPECTIONS

* [nclude a pilot application of the wee
of ziek-hased resutis and insighis i &
winl assepament a2 pact off the
Customized Inspaction Flanning Process
(CIPF).

* Develop sisk-based mpul and guidsmoo 1o the pidat mepectios wffon.

® Assint joihe evalustion of findings & development of meommendations for upeoming
mapection sctivilies to evaluse the affectiveness of Yeansees e identifying awd rexchving
poloadial safety ikzues pricr ko dwin revealing thamsetves & plant protions.

* Conbinoe to peovids hesdgamten
expenise in risk pranment W soppan
pegtonal nepection activities.

* Bacourage interactions between regional md beadquancr personed] ot the assesament of the
ik Aesocisted wilh pland configurstiond and evenls,

* Provide opporunities For rotatioms] saiigrmments for mgional parumasd K headqorstrs for
OTY irwining oo the oo of TRA.
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Objedtives

1.0 REACTOR REGULATION {CONT.)

hathods

* Provide guidsocs o the oo of plant-
IFPEs nd other plan-specific FRAL

* Develog peidance for e planeing s comdwet of EAdpectin activiits mehsdug hoss |

adocisted with iapk-nenisiion of the maintanancs mie and svalustion of relisbility ssumoce
progrms, TOCTRE] sctivities, smergency operaling peocedumns, SAMGs and 10CFRS0.59
evalustions.

* Develop puidancs: on sha digposition of inspection findimgs; Lo, when fiodingy sould e
simphy discnmed with koenves managesment, oF indioded in inypeciion rpom (imd . what
Mipner), of reconmeraded for aforoenwnd action, enlorcemeni discretion, or for
determnioiion of the sppropriste peverity fevel. {This activity w3d) pequire: smsarfees: between
NRH, OG0T and OF.)

* Monitor IPE snd IPEEE sesitliz aod insighes to kdearify oesded peviiions o sddiions to
impection guldwnse.

* Ruvipy kivowledpe nod sbility (AN)

oualogs (NUREGH 1122 and 1123] xa

mmnmm\t
sk ireighas,

* Monitor conteact in place with SEA tirough NRE/HOLB,
¥ Coordinate with NEL

* Mopitor intights from HRAZ sod PRA» {inclwding 1PFy st IPEEEs) ol operiug
:mmmm revinicaks regpiived 1o nblink, requadiflcalion and cLamdnstion

inpoctiom: gridance. for opemor Lesnsimg anivitias. Mosilosing sotjvities will ncude
Wlmﬂmhﬂdﬂﬂm&dmﬂﬂhﬂnll

above,

* Aspea changes o K&A condngs and their impact oo geidunce provided in the Braminers
Hispefburwnikr,

+ hindlfy Exapndners Handbook ki needed

* Comlinee to improve modals.

* Use the information getbemd daring » job tuk malysis (beng conducied through ABOT
TIC)
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1.0 REACTOR REGULATION (CONT.)

* Devidop goidance and models for
conducting rlik sscsanents of mactor
evenls during Low posrer and shwadonn
conditions,

* Blevelop model option

* Develop prototype madel

* Tl mwisiel

* Refine model for siaff use

* Tevalop guidance snd procedares

* Devdop guidance and models Eor
condpcting vink aoegoments of reacio
ovents initised by exiemul nventa,

* Develop model oplemes

* Devebop prototype neadel
* Tant model

* Refine model for atafT ose

* Develop guidance sad procedures

® Assoes the devirabalicy and fasibdicy
of comducting quanlistive ridk
RSCIUHILE O TOM-POWET DEOTION
VNt

* Dol the curmont mse of rivk anakysia methode and jpsighis in curent cvent assepumenis.
* Azscas the feaibility of deveboping spproprige risk asscasment models,

* Develop meommendaiion on the: feaibility and desirsbiliy of condpcting quantiative fak
RAREETEN T

15 EYALUATE USE
OF PRA N
FESOLIMION OF
FENERK; ISSUES

* Audi the sdegoacy of licennes
amabyron in 1PEs and IPEEEx 16 idomuify
plana-specifie applicabd By of gencric
{3y closed oot baged oo [PE snd
1PEEE programs.

* ldemiify geoeric asdery isswed we b nodiled.
* Develop aodit plas; 1.6, whl constintes o sdegoain livenses anabyats.
* Seleon plxata 16 be sadilcd for cach jssne.

* Evvloace reauhis 10 delermine mpHaony reaponse; 1e., no aciion, sddibomal audils, or
miiheiony action,
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egulsory Activity

Olbtrotived

1.0 REACTOR REGULATION (CONT.)

1.7 REGULATORY
EFFECTIVENESS
EVALUATION

* Dirvelop guidanse Tor evakusiing
changer in ridk s n roul of cemwlative
changes W plas design, Tek Specy and
feptares of the Bzenving bases, and
other changrs b pla operation sed
operaing e1parience.

* Develop neorel npticed.
¥ Develop pecteiype model.
* Test nacdiel.

* Rnfine mode] for gaff wa.

* Denelop goidmsoe amd procedure:.

* Apply the developed poidance s
snen the effoctivencas of maje adlsty
U e polutiom o3 (e g, SBOY and
ATWS robex) for mducing sk o public
heslth and cafely.

* Salort inde(s) for savorsmont.

* Apply model Lo ssess neduction i rik

* Bualogtn reanits,

* Proposs modificacions t resolision approsches, ay nosded.

1.5 ADVANCED
REACTOR
REYIEWS

* Comimne sl mviews of FRAZ For
duii cirlificalion pplicibon:.

* Contisue oo apphy cunreol safl reviow process.

* Dervelop SRP o anpport mview of
PRAs Tor design cenification reviawe of
slvinced Neaclofs.

* Develop ainff puidence for wee of zisk
amadysis teeihods wnd nsights sa parl of
the conlruction sod thriag g
innpeclion progian.

* Dievelop dnfi goidance.
* Solick peer amd hedtiry review,
* Fimalize nalf guidnnce.
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1.0 REACTOR REGULATION {(CONT.)

* Develop guidance on the wae of
cerlification (a3 described in SECY 93-
o

* Develop dmfl pridanes.

* Solich peer sod induslry seview.

* Finalize maffl gpuidance.

* Develop slaff paidencs on the use of
ik saacaumeerl mehods sed sighls
evaloale proposals For simplilficstion of
nerprocy plaming wekivesstnts for
Plants wish greater sulety nargin

* Devedog dundl pwidance.
* Solical pear and indusiry review.
* Finolize staff poadsnce.

* Develop risk ncights i soupon 1t
review sl poction of Rrdustiy

sccidem momsgrabnl programd .,
SAMG and conainomenl pedoimaace

EproveneRlL

* Perjodically search ihe IPE upd IPEEE dats bases {BHL/RES) to develop risk insighis
oo 16 ketidenl managoment slaicgice.
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0 REACTOR SAFETY RESEARCH

Repulastory Activiy Chjectives Methods Targed Lesd
Schedule Office{a)
21 FASSIYE * Develop inforsulion peeded to permit | * Participste m NER/RES workshop on licemaing nesds, i dentifying short and long Lemi needs oM RES
SYSTEMS an asecatrent of the relishilisy of Ter APS0D snd SHWE.
RELLABILITY Lonacanend in passive safery aynens
ASSESSMENT proposed For use in scvamcad rmsciny * Initisle project (o respond to NBR, short secm neeids. 94 RES
[ 3]
Lo * Tnitiste projects 10 rexponsd 4 NRE lmig temm needs. w34 RES
* Frowvide sugpnt e NRR RAL amd SER. devel opment. Cominming FES
* Frovid togpor! for NER FAl and SER developmen for CANDU. Cominoing RES
* Comtinawe confimmalory research on APSO0 aod SBWE. Continuing RES
12 METHODS * Develop, demonsinale, niintain, and * Dreyvelop and dernevisiosbe medbends for incioding hom s eron. of commivsion in PRA:. &6 [T
DEYELOPMENT o the gquality of methods for
AND pecforming, reviswing, sl neing PRAS * Develop and demotirase metiods e bettar weing operational avends data in PRAS 397 =]+
DEMOMSTRATION | and relaed 1echmiqees § it
e 3 dor exisiing * Develop and dermandinile methods far inclading aging affects in PRAZ. P RES
* Drvwrlop and demonatries method: for cisdizg design and constrschion «roe in PRAE 505
* [ervedop s demancimie mehods for perfomaing somplifed PRA Level 27 snalyse. 3 RES
* Devilop sed demonnirats methads 1 incerpoae coganizational perfomance ints PRAL a7 RES
* Davelop mprived methods For perfoming semitivily and oncenawly snalyses. 1274 RES
* Develop and danonstmte Ak atseamel metliodi sppropeiste Tor appliesion ta medicsl wd | TBD RES
ind ovizial Ticenses setiviier
* Perform & Bmied revvahration of one or o0 of the NUTREG-1 150 plam risk axsesuments, Slare 2097 FES

negrating the cffecty of the methods improvemeais ooled sbove,
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* Provide technical 1oppon [ agency
sabeym Of miak misrammend i the: foom of
wippon for tlek-based regulativg
aoceamenly, Etistical anslyses wnd
soch, aed developy poddunce for sganey

mer Of rink asserncmonl.

* Swpport refnemmont of cnisting ol dance for maing PRA for pumbculir sl foncyice sl
develop new guoadisos & requesied.

* Conlinme so provide sd boc eechnical sappon 1o sgeacy PRA wsco.

+ Bxpand the datshasc of PRA modeh svailable for siaff use, cxpmod the s00pe of svailsble
micdeln bo include extemnal event sad Jow power and thatdoow sccidente, urd refime thn ook
necded 30 pae thexe models,

* Conlinmee saintenamon and user mpport for SAFHIRE and MACCS computer codes.
* Swpponl development of risk-based regalmory maprovenienty.
* Seppont aptaecy effonts i resclor salcly imprreements i formes Soviel Unioo countries.

* Provide iachnical mepport bo agency
woerd of oiak aasessmnend i 1 Foms of
weppon Towr risk-bused regrudetion
atArvms, bnchuical reviews, ivese sk
aasesanvents, sisdiviicn] sl yaes sl
sk, amd develng geidemce: For agency
waew of rick ssacurancal.

* Interian. IPE incghil report (60 planiy)
* Condact reviesrs of [P and TPEEE cobmittals and dovelop insights.

* Provide sechuical supyecat L sy
unirt o vink sstseiarveend i e Form of
mappant Fov rivk-teeed Tegulstion
sciivitics, technbeal reviews, insue sk
much, andl dervelop geidmece for agency

whed of rpk AsesiantnL

* Canlisee b0 priviiiize snd sesolve geoeric innes.
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3.0 ANALYSES AN EVALVATION OF OPERATING EXPERIENCE, AND TRAINING

Dbiecti

Methods

* Use reachor operiling experience data
I egens

e nomdi Sed phieic in cquicaatt,
oy sy,

indtisting eventi, howan pesfonmanoe,
and gt

accidens sequence.

* Frend performeance of risk -Smporiasl COmMponemis

* Trend pedotmmce of k- o sysius.

* Twend Frequency of rsk-inportam iakining svenh.

* Tread humsst perforsance for relishlily characterinies.

* Evalinic the affoctivaneas of Foenoms
artiont akem kb resalve ek siguificant
sality lasety,

* Trend eactor opersiimg cxpericice pappockabsd with. apecific sajety wsuns sl sswces rink
implications 3 & setasaee of safety peformanoe.

* Derelop rending methode nodl spocisl
dmnbaser For use i AEDD

sctivithes and o PR A upplicatbons in
oiher NEC offices.

" Develop comdaed trending s silinlical analyeis procedures for sdensified areas for
seliabilily aoed smisics applicasans.

* Dewelop iperin] saftwire and dsbesss (c.x. common e fajlone} for oss i neyHlog
vkl mid FRA cindies,

* Scyeen wnd anadye: LERs, AfTa, IiTa, md cvesds idexiified frm ofher smmes 1o pipuim ASF
cvenla.

* Pevform independemt yeview of cack AST spatyzes. Licemarss and NRC ol peer mview of
each snabvis

* Comvmnt ASP analyses i [RRAS

* haupwe secowery anid imtceriainly sisdbods For use with IRRAS,

* Develop engineering snd risk invighis Trow ASP evends.
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3.0 ANALYSIS AND EYALUATION OF QPERATING EXPERIENCE, ANTH TRAINIMG{CONT )

Dbjoctives

Methods

* Provide sopplemenial mfomstion oo
Pl specil; perfomsncs,

* Shuce ASE snatyses sad insighee with other NI officos ind Bgion,

* Provide o check with PRAS.

¥ Comgure ASF quamiitative snd quilital ive inajghts with PRAs and 1PEs.

AEOD

* Provide an empirical indication of
midialey sk and saxocisied tredd.

* Rebaseline pehecied ASP evenis.
* Dovelop reladoraldy beywesn ASP CCDPs wovd core damsage frequency.

* Previde & meansre of indostry visk f
Is a5 compleie a3 possible to detomiina
whedher sk 1 erestimy, dacreasing,
of FEmAining consant oer Hime,

* Develop progrem plin which inicgritex HRE, RES, and AEOD axtivities which ot desigo
sad operating eaperivnoe to auseas e implied level of rigk and kow i is changing.

* bnplemest petgram plan elemonts which will include plane-apeciile nrodels sd buslghis From

IPEs, componit o system relisbility dets, and other risk<irmpodtanl design and opestional
duz in am imegrmed Trne work W perindically evalwate indosiry trends.

1 LS5, then

¥ Eatabliah & covmpeheniive sel of
perfomsncy ipdicston and
sopplagienisry parformmace DU
which are mwore closaly seleted 1o visk
arvdl prowide both early indicution. and
conlirmation of plant peformance
problema. .

* [denbify and evalosle new o improved rik-bated Pl ohich aie composesl s 1ycdem
relinbifity modeh & boman and orgeizatiomd pefomance cvaluation mevhods,

* Develop and tem candidale Fla/periommance measanes.
* Implensem. risk-based Fla with Commiszions approval.

1.5 COMPILE
OPERATING
EXPERIEMCE DAT A

* Conpils opersting sxparienca
mfonmation in detabase synems witntle
Tor quantisive slishikiny and nsk
analyris spplicationa,  Infommation
should be scrotable 3 1he source 2 she
eveml level 1o the extept practical ind he
sl fisirat for edimating rekahility and
availahitity parsmerers for NRC
npplivations,

% Manage sndd miininin SCSS and the Tl dale bage, provide oversight snd scoess to NPRDS,
obtaka INTORs S5P1, compile TPE failire dia, collect plal-specific relinbilily and availsbiicy
data,

* Revive LER mule to climinaie apnecesaary and less safety-significaat reporting sad (o betier
captnre ASE. OCF, and buman perfonnance evenls.

¥ Dievabop, manage, snd mainten apency dasbaces Tor slisbilinyovailabdlity duts (oqudomeent

peformmice, Mitlaing events, OCF sl Soman performande: daa).
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3.0 ANALYSIS AND EVALUATION OF OPFERATING EXFERIENCE, AND TR AININGHOONT.)

Meihods

* Comtinge cosTend contescs ko pravstl cowrnes ae pcheduled.
* Bllsiatain corent phaclor achnollogy courses Bt jnclnde PRA fnorights sod spplications.
* kmprove conpeen vin feedbeck.
* Review comel PRA courar maleried W saaiins conaisency wilh Appesfix C,

* Diewelop and present Appesdix C
imining sodmce

* Prepare coomie maderial based on Appendin .
* Presest courses on Appesally C.

124

* Dhetenmine (10 weuirements for
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A.3. RISK EVALUATION OF HIGH DOSE RATE
REMOTE AFTERLOADING BRACHYTHERAPY AT A
LARGE RESEARCH/TEACHING INSTITUTION

Dana L. Kelly, Lon N. Hanay, George P. Simion,
Patricia A. Rathbun, Jack L. Auflick

ABSTRACT

The Idahg National Engineering Laboratory (INEL) has been tasked by
the NRC 10 evaluate the misadministration risks associaled with high dose raie
(HDR) remote afterloading brachytherapy in the U, . ‘This paper describes
the resulis of INEL's visit 10 a large researchficaching institution. The purpose
of this visit was 10 codlect information on the HDR treatment process at this
institution. This information will form a part of the HDR risk analysis
knowledge base needed te provide quantitative data on the risks of

brachytherapy misadministrations.
A.3.1 Introduction

Brachytherapy (from the Greek brachy =
short) is a term used to describe varipus pro-
cedures for the treatment of cancer uging small
sealed radioactive sources.  Afterloading
techniques are those in which non-radioactive
applicatcrs or guide tubes are placed in the
patient and the radioactive sources are then
manually leaded into the applicaters. Remate
afterloaders are devices that use & remote con-
trol mechanism t0 ingen and withdraw the
gsources, These devices have been designed for
variong dose rates. This paper focuses on high
dose rate (HDR) remote afterloaders, in which
doses of greater than 0.2 Gy/mun are achieved,
HDR remote afierloaders employ indium-192,
cobalt-6(, or cesiom-137 sources, with a
combined maximum activity of 1.55 x 1011
te 74 x 1M1 Byq.

Current NRC regulations address quality
contrel  procedures for conventional
brachyiherapy procedures, but do not address
comparable procedurss for remote after-
loaders. The objectives of the risk assessment
program being performed by INEL are 1o
evalvate the risk significance of fanlts that
could occur during clinical applications of
remote afeerloading brachytherapy and to
provide information that the NRC an uge in
its consideration of regulations applicable to
these devices. This paper describes the first
phase of the INEL program: the wse of risk
assessment techniques to identify, model, and
evaluate hardware faults and human errors

with the potential to lead to brachytherapy
misadministracions.

The initial portions of this task will focas on
establishing a brachythermpy knowledge base
for answering the following questions.

1. What is the HDR treament spectrum, that
is. devices employed, modalities of
treatent, treatment settings, etc.?

Z. What steps are involved in the HDR
process and do they vary significantly
across the treatment spectrom ¥

3. How reliable is the hardware?

4. What are the impontant hiuman factors and
human reliability issues that can comdribute
0 or protect against buman enors leading
1o misadministrations?

5. What is the rode of gquality assurance (QA)
in preventing misadminisiraiions?

A.3.2 Institute A Treatment
Spectrum

Institute A is a large clinic for the radio-
therapeutic treatment of cancer. A relatively
small part of this clinic is devoted to use of the
Nucletron microSelectron HDR remote after-
Ioader for the palliative treatment of lung and
esophageal cancers. At presesnt, Institate A
performs on the order of 20 such (reatments a
year, each consisting of 3-7 dose fractions.
The medical physics staff at Instine A is
aclively engaged in brachytherapy research,
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also, and the Nucletron HDR plays an impar-
tanf role in thig research.

Ingtifute A is also a teaching institution,
affitiated with a nearby school of medicine.
Institete A runs a physician residency program
in radiation oncology and also provides
training in brachytherapy for dosimetrists, ra-
diation therapy fechnicians, and radiation on-
cology norsss. This amount of diverse activity
and the availability of highly trained staff per-
sonnel probably places Instilute A at onz end
of the spectrum in regand o treatment setting.
On the other hand, Instimte A performs rela-
tively few HDR treatments, all of which are
palliative, and treats a limited range of cancers
in comparison with the intended role of the
Nucletron device. As an ¢xample, Institute A
does mot wse HDR brachytherapy to treat
gynecological mmors. It is expected that the
risks of misadministration will be, at least to
some extent, a furktion of the treatment
modatity ¢mpleyed, s0 this finding may limit
the generic applicability of resulis derived for
Institute A

A.3.3 The HDR Process at
Institute A

Figure 1 shows a block diagram of the HDE
treatment process in place at Instijute A at the
time of the INEL visit in cady 1992. The pro-
cess is highly saiial; very few actions ccour in
parallel. The process iz aiso characterized by
recovery actions involving the medical
physicist and radiation oncelogist. The rele-
vant detajls of the process are dizscussed in the
sections that follow.,

A.3.4 Hardware Reliability

Based on anccdotal cvidence frem the
manufaciurer and the users at Institute A, the
Nucletron migroSstectron HDR appears 1o be
a highly reliable device, with numerous fea-
tures that goard against functional failures.
However, this finding must remain preliminary
until detailed design data is received from the
manufaciurer.

A.3.5 Human Factors and
Human Reliability lssues

A screening human reliability analysis
{HRA) was performed for the Institme A HDR
process shown in Figure 1. In conjunction
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with the logic model described below, HRA
was ussd to model the inant man er-
rors associated with significant bhuman actions.

To familiarize themselves with the Institute
A HDR process, the PRA and HRA analysts
reviewed the following:

= descriptions of the Nuclstron HDR
microSelectron;
Instiote A procederes (including ab-
normal, emergency, mainienance, ad-

ministrative, and especially quality
assurance} and operational practices,

staff composition and level of training and
experience,

This training/familiarization process was
enhanced by a one-week visit to Institute A
where behavioral observations were made of
the brachytherapy staff. The amalysts also cx-
amined human aciions entailing detection,
diagnosis, and recovery actions fotlowing a
hypottsized problem in the HDR process.

These activitics identified a group of impor-
tant hwman actions described in generic, func-
ticnal terns (e.g.. operators recover system).
Next, the analysts expanded the description of
each of these key human actions into specific
high-level operator tasks and subtasks which
were included in the logic model used to
anaiyze the HDR process medel.
Decomposing cach human action into specific
tasks associated with individual equipment and
procedures allowed the analysts o begin to
identify specific failure maodes, root causes,
and failure effects, The description of cach
task also referenced significant recovery fac-
tors identified in the ASEP (Accident
Sequence Evalvation Program) methododogy!
and relevant performance shaping factors for
relatively poor haman factors issues associated
with the Muclastron computerized treatment
planning system. These data were derivied
from an evaluation of the human-maching in-
ferface and direct observations of operator
performance during an actwal treament,

The ASEP methodology was chosen as the
primary techniqu¢e for HRA modeling and
assignment of screening probabilities. ASEP
was designed specifically for sitwations, like
this analysis, where detailed HRA task analysis
information can not be collecied. ASEP
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allows systems analysts (0 make conservative
estimates of hwman error probabilities (HEPs)
without performing a detailed task analysis.
This HRA procedure goes beyond a genenc
human factors approach to analyze, predict,
and evaluate work-oriented human perfor-
mance in quanfitative terms. HRA can be
applied to any activity which has a goal, a set
of move or less fixed procedures which per-
somnel perform 10 accomplish that goal, amn]
some ouipul or consequence of the perfor-
mance which can be used to determinge success
or task accomplishment. HRA uses a human
faciors approach, but broadens its focus within
a systems coniext. HRA examines the impact
of unsuccessful human performance on the
system or subsystem, while identifying feed-
back loops from the system, recovery actions
(which refurn the system o a success path),
and the effect of negative performance
shaping factors {which increase the likelihood
of human error). For each task, this data is
used 10 a) build logic models of the syst=m. b}
derive estimates for HEPs, and ¢) combine
HEPs with hardware failure rajes to generate
estimates of overall system reliability.

The analyst has several options from which
0 choose in using ASEP. This particular
analysis used an option which gives greater
credit for recovery factors and a more detailed
consideration of dependence effects
{compared with more general screeming
analysis approaches). As used in ASEP, de-
pendence refers to the level of interaction
between two or more workers or two Or more
tasks. Dependence is usually modeled on a
grale which ranges from complete dependence
{e.g.., where a second worker fails at a giver
task because a primary worker failed ar the
same task} to complete independence (zero
dependence;).

It ghould be noted, however, that ASEP
gives a more conservative assessment of HEPs
than analyses based on a detailed task analysis,
such as the Technique for Human Error Rate
Prediction {THERP).2 Most of the ASEP
HEPs represent total failure probabilities of
0.03 for original arrors (0.02 for each error of
omission plug 001 for each error of commis-
sion), multiplied by failure probabilitizz for
variows recovery factors. By comparison, if a
detailed HRA-oriented task analysis were per-
formed for the Institute A process, HEPs

would geperally be reduced by at least an
order of magnitude. This reduction stems
from the inclusion of other performance
shaping factprs npl modeled in ASEP.

The ASEP procedure requires an expert as-
sessoent of a)} the quality of administrative
controls and ihe extent © which they are
carried out, b) human factors igsues such as the
quality of the human-machine interface, ¢) the
quality of procedures, training, and operaior
skill levet, and d) the presence or absence of
four specific recovery factors.

ASEP allows basic HEPS 10 be adjusted up-
wards for unuseally poor human factors
ciements or poor written procedwres.
Significant human faciors problems were
identified in the Nucletron computerized
treatment planming system (CTPS), which was
given a rezsonably poor rating by the analysts.
According to its uzers at Institute A, the
human-machine interface for the CTPS is
confusing, difficole to vse, and limits the
ability to detect and quickly correct human
errors.  Consequenily, human acnions involv-
ing the vse of the CTPS were adjusted vpwards
by a facior of 2.

While most human actions were maodaled
and quantified vsing ASEF, a few HEF values
came from the Systematic Human Action
Reliability Procedurs (SHARP).}  These
human actions were associated with medical
practices smd physician skills, which are not
coversd in ASEP. As a result, a skill-based
screening HEP of 0.005 from SHARP was
used for these actions.

Resulis from the scresning HEA should be
congidered in relative terms only (i.e., not 2%
absoluie egtimates of the probability of human
errory. ‘The reason is two-fold: there is con-
siderable conservatism built inio the ASEP
precedures and a detailed HRA-oriented task
ahalysis was not performed at Institute A, An
HRA-oriented task analysis would ¢xamine the
impact of unsuccessful human performance
on the gystem or subsysiem, while identifying
feedback loope from (he system, recovery a¢-
tions {which retum the system to a success
path), and the effect of various performance
shaping factors, which either increase or de-
crease the likelihood of human grror.
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A.3.6 Institute A Quality
Assurance for HDR
Brachytherapy

Institute A has established a very detailed,
written quality assurance ((3A)} protocol for
both low and high dose rate bBrachytherapy.
For HDR remote afterloading brachytherapy,
the protocol describes reguired activittes for

1. acceptance testing, commissioning, and
source calibration,

quarterly QA review,
daily device QA.
treatment procedures,

roles and responsibilities of various
personnel, and

review of reatment planning calculations,
simulator films, and HDR programming.

In addition to these protocols. Institote A
has also prepared a Quality Management
Program t0 ensure compliance with new NRC
regulations regarding quality management and
misadministrations (10 CFR parts 2 and 35,
Federal Register 56. No, 143, 34104-34121,
and NRC Regulatory Guide 8.33). 'The main
intent of the Quatity Management Program is
to provide wrilten policies and auditable
records to demonstrate compliance. Listed
below are some items from the Quality
Management Program that apply specifically
0 HDR brachytherapy:

1. twe fomus of patient D required prior o
administering treatment,

physician must sign and date prescription
prior io start of treatment,

physicist must teview entire treatment
record prior 1o start of treatment, and

prior o implementing previcusly unused
fecatures of the treaiment planning
program, the physicist must test the feateee
for accuracy.

A rather surprising result pertaining to HDR
QA was the imporiance of the activities
performed by the physicist in association with
the guarterly change-out of the Ir-192 source.
In particular, the analysts did not suspect
ahead of rime that source strengih calibration
would be an important issue; it was assumed

(.n.h.l.d!\.'l
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that the vendor would supply accurate data on
the strength of each Ir-192 source. Howerver,
this is not the case. The Instime A physics
staff provided information on the relative in-
accuracy of vendor source strength calibra-
tons and steessed the need to perform an
independent check of sowrce soength, A
confounding factor is the lack of an accepted
calibration standard for I-192. The impor-
tance of this QA task is reflecied in the
misadministration logic moadel discussed
below, where failure 10 perform the quartedy
source change QA activities is assumed to lead
directly o a misadminiswation. This is an
issve that might have escaped notice without
the visit w0 Institute A.

A.3.7 Loglc Models for Dose
Error Misadministration

Deductive logic models were employed to
estimate the potentiat for a dose-in-efror mis-
administration with the MNucletron Migro
Selectron HDR remote afteroader, as it is usad
at Institute A, These models are based on the
process in place at Ingtitute A during the INEL
vigit in early 1992. The resubts of the evalya-
fioh are summarized in this section.

Deductive bogic models, in which the basic
faults {and combinations of faults) leading o a
misadministeation are deduced by the analyst,
were used (instead of an induclive approach,
for example) becanse they were felt 10 be
better-swited 1o the regulatory perspective
being assumed in this project.

The top event in the model represents a
dose to a patient that differs from the pre-
scribed dose by 20% or more (this is the
cument regulatory definition of a misadminis-
tration}, From this top event, the basic ermor
combinations, or fault paths, that can lead to
this type of misadministration are deduced. It
should be emphasized that this model is spe-
cific to the HDR process in place at Instilate A
during the first quarter of 19%2; it is not yet
known whether this model would be applicable
without maodification to other HDRE procedures
performed at other institutions or clinics,
perhaps employing remote aflerloaders from
other manufacturers. Answering this guestion
will require visits to other institutions repre-
senting different points in the HDR treatiment
spectium,




Risk Evaluvation of High Dose Rate Remote Afterloading
Brachytherapy At A Large Rescarch/Teaching Mstitution

Analysis of the logic models produced 44
failure paths leading to a dose-in-crmor mis-
admimistraion. None of these paths involved
only a single emor. In other words, there is mo
single error that can lead directly to a misad-
ministration. This finding evinces the Institute
A practice of independentty reviewing the
output of critical steps in the process, thus
providing numerous opporiunitics 1 recover
from prior emors, There were 23 failure paths
involving two emrors. These 23 paths con-
tributed approximately 91% of the
misadministration screening probability of
0.05. There were 17 paths involving 3 errors,
with a combined probability of 2 x 103, 4
paths with 4 errors, with a combined proba-
bility of less than 10-4, and 1 path involving §
ermors. with a probability of less than 10-4.

The important role played by the Institute
A medical physicist is illustrated by removing
the independent review of the computerized
treatment plan from the logic model and
reanalyzing the model. There are again 44
fatlure paths, but the misadministration
screening probability increases from 0.05 w
0.30 and 7 of the paths now involve a singlc
error. These 7 failure paths all involve amors
by the dostmetrist in penerating the compwer-
ized wreatment plan.  They contribute
approximately 96% of the misadministration
probability. n the original case, these 7 paths
contained two errors, because the medical
physicist performs an independent review of
the treatment plan prior 10 treatmend.

The medical physicist also plays a viral role
in the quality assurance (QA) activites associ-
ated with the quarieriy replacement of the Ir-
192 source (see above, alse). At Ingtitete A,
the physicist is required ar each source re-
placement (o perform a source sirength
calibraticn, a check of HDR positicnal accu-
racy, and a check of timer accuracy aml
lincarity. These steps ane vital (o preventing a
dose-in-error misadministration.  They do not
appear as major contributors to the probability
of a misadminisiration becawse of the low
screening probabilities asgigned i them.
However, these ervors are at the top of the risk
increase importance lise, meaning that the
probability of a misadministration is very
sensitive 1o increases in the probabilities of
these errors. Note: a failure to perform any of
the quarterdly QA checks leads aptomatically to

a misadministration. This is a conservative as-
sumption that is based on interviews with
Institute A medical physicists in which angcdo-
fal evidence was obtained indicating that each
of these steps is crucial to preventing a mis-
administration, For example, the source
strength provided by the vendor has been
found o be in error by an amount significant
enough w kead 1o a dose-in-emor misadminis-
fration. While it is fmae that the vendor source
strength is noi always in error by such a large
amount, defailed data on the frequencies and
magnitedes of these errors are aot available;
hence, failure to perform an independent cali-
bration was assumed 1o lead direcily to a dose-
in-ermror misadministration.

A3.8 Conclusions

The andlysis of HDR remote afterloading
brachytherapy at Institute A has provided the
first plece of the misadministration risk puzzle.
The modet developed o describe the Instimte
A process is felt to be reasomably complete
{with the axception that more hasdware design
details are needed) and accurate and should be
useful as a starting point for examining other
elements in the treatment spectrumn and for in-
vestipating futare HDR brachytherapy mis-
administrations,

The sereening HRA and logic mods] anal-
ysis  demonstrate the human  factors
deficiencies of the Nucletron CTPS and, con-
sequently, the important tole played by the
Institute A medical physics staff in preventing
misadminigirations that are a potential resule of
this relatively poor human-machine interface.
The human factors observations also point cut
the importance placed upon the skill and
knowledge of the physician, parameters that
are ¢specially difficult 10 quantify with present
HRA methodologics.

The staff interviews al Institute A served 1o
illusirate the imponant role played by the
medical physicists during the guanterly QA
activities associated with source change-out,
To reiterate, this insight might not have been
obtained without the vigit to Instilute A,

The use of deductive techniques (e.g.. fault
ire¢s) has proven 1o be an effective and =ffi-
cient way o model and estimate the potential
for a dose-in-error misadministration at a spe-
cific medical institation, In addition, the fault
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tree methodology added to the credibiliry and
auditability of the analysis performed while
identifying amkl evaluating

a. possible combinatdons of faults {or failore
paths) in the case-specific HDR process,

. significant human ermors associated with
specific portions of the brachyitherapy

process,

dependencies berween gignificant human
&I in the process.,

important recovery actions, and

performance shaping factors adversely
influencing human errors,

A.3.9 Future Analysis Efforts

The next siep in the HDR risk analysis will
be to make additional site visits, construct pro-
cess models and (perhaps) logic models for
these sites, and compare their processes 19 thal
at Institute &. Of particular interest will be the
role of the medical physics staff at these other
sites; based on anecdotal evidence provided by
the Institute A staff, one can expect 10 see the
medical physicist perform disparate functions
at the Jifferent sites. At least for the Nucletron

system. the role of the medical physicist ap-
pears to be vital to preventing misadministra-
tions, 50 it will be interesting to see how other
institutions and clinics utilize the skills and
talents of their physics staff, if indeed they
draw upon a dedicated physics staff at all.

Some of the activitics planmed for the next
phase of this analysis arc

1. Expand Knowledge Base — High dose rate
and/or low dose rate remete aftedoading
brachytherapy is performed on at least 12
treatrtent sites (e.g., esophagus, bronchuos,
cervix, endometrium?. The details of the
treattnent process depend heavily on the
specific application performed, the
treatment modality used, the model of
remote afterloader employed, and on the
facility-specific procedurss and personnel
invelved in the process. The limited
information collected from visits to two
manufacturers has indicated that
significant design variability exists among
the three remote afierloaders cucrently
licensed in the U.S.
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2. Review Quality Assurance Activities --
Treatment-specific and periodic quality
assurance activities will be reviewed. Key
steps andl Lasks performed in QA activities
will be identified and Included in the
process and logic models.

. Ewvaluate Human Behavior -- Human
behavior data and insights gleaned from
Ingtitute A will be supplemented by data
collected by INEL homan reliability
analvste with the direct support of medical
expens.

. Examine Key Hardware -- The
brachytherapy remote afterloader jg a
relatively simple hardware system. Iis
performance requires {and is dependent
upon} significant human control. System
features designed to prevent or mitigate
misadministrations will be examined and
performance criteria will be developed for
each of the principal device designs
considered, If available, device-specific
failure and incident data will be evaluated.

. Dewvelop Process and Logic Medels --
Process models will be developed o
represent  significant  brachytherapy
applications, afterloader types and madels,
and medical facility environments. To
assess the risk significance of the use of
remote afierloaders, both astablished risk
assessment methods {(g.g., fault trees) and
novel techniques will be considerad.

. Determine Possible Consequences -- A
range of possible consaguences (e.g., acute
and latent detrimental health effects,
including physical injury and death)
associated with each significant railure
path in the brachytherapy process will be
estimated qualitatively by 2 panel of
radiation oncology physicians with
expertise in brachytherapy.
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A.4. THE PROS AND CONS OF USING HUMAN
RELIABILITY ANALYSIS TECHNIQUES TO ANALYZE

MISADMINISTRATION

EVENTS

Lee T. Ostrom, Ph.D., CSP
ABSTRACT

This paper discusses the risk assessmemt methodologies applied to data
collected during investigations of incidenis in medicine involving nuclear
by-product materials. These are called misadministration evenis. The risk
assessment methodology applied to the data is fault tree analysis augmented
with human reliability analysis. ‘The results of the analysis has been beneficial
for further elucidating the causal factors of the misadministration event
analyzed. The risk assessment methodology did not provide all the benefits

desired, however.

For example, the methodology did not provide a good

quantitative estimate of the risk of future misadministrations.

A.4.1 introduction

Medical applications of radionuclides in-
volve both therapeutic and diagnostic proce-
dues. Therapeutic procedures may include
the use of mlatively intense radicactive sources
and have the potential for significant detri-
mental health effects if mistakes occur. The
Nuclear Regulatory Commission (NRC)
regulates these medical applications of ra-
diongclides wnder 10 CFR 35, In this regula-
tion, misadministration events are defined;
licensees are required 1o report these events o
the NRC.

Misadministeation events generally involve
errois in therapeutic or diagmostic applications
resulting in the wrong dose belng adminis-
tered, the wrong site being treated, or the
wrong patient being treated. Tn order o better
understand the potential causes of these evenis,
and w help examine the regulatory hasis, the
NRLC Office of Nuclear Materials Safery and
Safeguards (MMSS} is undentaking 2 risk as-
sessment of misadministration evenis as part of
an event investigation activity. This work
represents one of the first applications to the
safety of medical radioisotope devices of
Probabilistic Risk Assessment (PRA)
techniques developed to evalvaie reactor
safety. This paper discusses the methodology
used o date, the problems encountersd, pre-
liminary insights from this first analysis, amd
possible future directions of the project.

A-41

This project was funded by the US.
Nuclear Regulatory Commission amnd for the
U.S. Depariment of Energy vnder DOE Idaho
Field Office Contract DE-ACO7-761D:0157().
Views expressed in this report are not neces-
sarily those of the Nuclear Regulatory
Commission,

A.4.2 Methodology

The methodology applied to the data dis-
cussed in this paper was PRA famlt tres analysis
aupmented with human reliability analysis
(HRA). The data to conduci the anzlyses were
collected duting site visits to facilities that had
experienced misadministration evenis and
from visits to facilities that performed similar
procedures, These visits wers beneficial
because they enhanced the understanding of
the medical procedures. The risk assessment
methodology deale only widh the top event ob-
served during the event. The three possible top
events were:

+  Wrong treaiment site
+  Wrong dose admindstersd
*  Wrong patient deing treated.

The event discussed in this paper was a
WIong treatment site event.

A.4.3 Description of the Event

This event involved the manual brachyther-
apy treatment modality. A patient undergoing
treatment for cervical cancer received an unin-
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tended dose of radiation to her lablal skin and
the imner aspects of her thighs, This occuned
because the techmologist szlected the wrong
sources which were of & smaller diameter than
the correct sources. The sources slipped
through the epening in the end of a helical
spring degigned 10 keep the sources at the end
of the source cartiers of the Henschke manual
brachytherapy applicator used in this treat-
ment. A complete description of this event is
contained in Cistrome, Leahy, and Novack!,

A.4.4 Analysis Methodology

The risk assessment methodology used to
perform the analysis was a combination of
probabillstic risk assessment (PRA) and human
reliability analysis (HRA), The process for
conducting the analysis involved six sieps.
These were: 1) developing the process model;
2) developing the fault trees; 3) developing
the HRA event trees for specific hwman action
sequences; 4) quantifying the model; 5) gen-
erating the cut sets; 6) conducting a sensitlvity
analysis. The sensitivity enalysis (Step 6) in-
volved iterating on Steps 4 and 5 in order to
maodel the process while varying performance
shaping factors and postulating changes in the
process. The following discusses each of these
steps in more detail:

Process Model

A process model was developed using
functional flow diagram (FFD) techmiques=.
The model basically shows the steps in the
process in the order of their performance.
The process model was developed using data
collected from a misadministration site wvisit
and a visit to a cancer center that performs
similar treasments, This model was used as the
basis for the rest of the analysis.

Fault Troes

There were three fault trees developed using
standard PRA techiniques Figure 1 shows an
example of the types of fault trees developed.

The human errers shown on the tree were
determined in two ways. Fimst, by Input from
the misadministration jnvestigation site vislt
and, second, by postuladng ervors from the
process steps shown on the process model,
Medical professionals helped postulate these
crrors.  HRA event trees were developed for
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sequences of human emors, such as the place-
ment of the afterloader.

Human Rellabllity Event Trees

Figure 2 shows an cxample of the HRA
event trees developed from the analysis of the
process that existed at the time of the event.
This tree was developed vsing the techniques
described in THERP?, There were two se-
quences of human errors postulated. These
were the Spurce Control Sequence (SCS) and
the Afterloader Flacement Sequence (APS).
The SCS shown in Figure 2 depicts the event
that was investigated during the site visit. The
failure paths on these trees procesd diagonally
Trom upper-left to lower-right.  Success paths
proceed diagesally from  wpper-right to
lower-laft.  Recovery paths are dashed lines
and proceed from right to lefi, The capital
letters denote ercors and e lower-case letters
denote successful actions.

There were three failure paths determined
in the SCS. These were; ABC, aDEF, and
ALDEF. There were also three faillure paths in
the physician placement sequence.

Quantifying the Model

THERP?, SHARPY, and ASEP’ method-
ologies were used to quantify the human smor
probabilities, The hardware failure data were
developed using a gereric hardware fallvre
tate of 1L,OE-3. This is a screening value and
actual fallure rates will be sought from the
manufacturer. The hardware failure rates are
probably high becauss there is no foree placed
on the welds and the material the afterloader i3
made of iz high grade stainless stesl, High
grade pipe has a failure rate on the order of
ZE-3 failures per hour and springs have failure
rates on the order of 4E-% failwres per howtd,

Factors that were considered during the
quantification of the human errors were the
Radiation Technologist's lack of training, the
poos labeling on the source safe, and the
dependéncies betwesn the Radiation
Technalogist and the Radiation Technologist
Supervisor. The Radiation Technologist (RT)
and Radiation Technologist Supervisor (RTS)
errors were quantified using the data tablse
and methodologies contained in THERP.
Although there were not one-to-ons
cortelations between the errors that were
postulated in the model andd those listed in the
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THERP tables, the categories were generally
similar. 1t was assumed that 36% of the Cs—
137 sources in the safe were small enough 10
migrate through the end of the spring. This
wias calculated by taking the nomber of 10 mg
Cs~137 sources of the diameter used in the
event and dividing by the total nomber of
sources in the source safe ai the time of the
event. This value is an estimate; the exact
number would vary depending on the age of
the spring and whether the opening was dam-
aged. The physician errors were more
difficelt t0 quantify, so SHARP skill-based
screening values wene chosen, It was assumed
that the physician was well skilled; a value of
5.0E-4 was chosen as the HEP. This is the
middic of the mange for a skill-based ermor,
which is from 5.0E-5 10 5.0E-3. The patient
errors were the most difficult 1o guantify.
These were quantified by using ASEP
pre-accident screening values. The valee ini.
tally vsed was 0.03; however, this valve was
postulated 10 be oo high because patienis are
medicated and instructed not to wuch the af-
terloader. In fact, patients are afraid to touch
the aftertoader because of the fear of radicac-
dvity. The medical consnltant scated that in his
twenty years of work in the field he has only
heard of one case where a patient got up from
bed. In this regard, we reduced the HEFP for
the patient actions by a factor of tan, which is
the error factor, and used the value 0.003,
This is the lower tolerance bound. This still
made the value conservative, but more realistc.
An ASEP screening vatue of 003 was also
used for errors involving the nurse and (rans-
portation of the patient.

Generating the Cut Sets
IRRAS 4.07 was used to generale the cut
scis,

Sensitivity Analysis

The sensitivity analysis involved varying
performance shaping factors and postulaning
changes in the process. These changes were
then quaniified and an sstimate in the change
in the overall probability for failurs was ¢aleu-
lated. Two separate analyses were conductad.

The first analysis involved improving the
level of stress of the workers, improving their
training level, reducing the dependence be-
tween staff members, and adding independent
verification steps to the process. The second

Techniques to Analyze Misadministration Evenis

analysis involved posilating the process with
the incorrect sources removed from the source
safe.

A.4.5 Results and Discussion

The risk assessment was interesting becaunse
it highlighted (a) the failure path that lead to
the event, (b) the estimated effects of licensee's
correciive actions on the failure path, and {c)
another failure path that is not only reasonably
probable, but could go undetected. The eval-
vation process suggested the need for a reli-
able, independent verification of afterloader
placement, to reduce the probability of this
failure path,

The analysis process was alse beneficial
becanse it ¢learly showed the sequence of
events and how the performance shaping
factors at the Ffacility affectsd the outcome.
Alsg, it give 3 reasonable estimate of risk re-
duction after postulating changes to the
facilities process.

Lack of a specific human reliability data
base that addresses human ervors for medical
procedures and specific hardware failure rates
for medical squipment leagd to the methodol-
ogy producing less than ideal results.

A.4.6 Future Direction

From these resulis it has been decided to
retain elements of the risk assessment
methodologles tried to dats, plus orient the
data analysis to more of a human factors
approach. For sxample, a process model and
gvent tees will be developed for the events
investigated.

The investigation itself will be oricnted
more wwards a hpman fac¢ors approach since
the events investigated to date have primarily
involved human error. This entails collecting
more informaticn about the human factors as-
pects of the process including:

»  Communications

» Training

+  Human-machine intecface
» QOrganizational culture.

Also, the possibility of maintaining a data
base of all medical procedures using nuclear
by-product materials and how many of those
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result in misadministration in order to got a
better understanding of the true risk for mis-
administrations will be explored.

A.4.7 Conclusions

Applying risk assessment methodologies to
misadministradon events has proven useful
because it shows how the system can fatl and
how changes 1o the system ¢an help prevent
misadministrations.

The risk assessmeni methodologies tried o
date have not provided all the information
desired. Therefore, a hybrid risk assessment
approach is going to be applied o data col-
lected during future misadministration ¢vents.
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Figure 1. Fault tree developed for the event.
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A.5. REVIEW OF MEDICAL MISADMINISTRATION
EVENT SUMMARIES AND COMPARISON OF HUMAN
ERROR MODELING

John Wreathall

A.5.1 Purpose

The purpose of this work is to describe: an
analysis of medical misadministration events
using a generic error modeling framework, an
evaluation of the benefits of this method of
analysis, and o compare the use of this
meithod with the THERFP method. (Technique
for Human Emmor Rate Prediction)

A.5.2 Summary of Generic
Error Modeling Framework

This framework has been developed under
funding from the U.S. Nuclear Regulatory
Commnission (NRC) as part of the creation of a
new homan reliability analysis (HRA) method
for the analysis of human errors during low-
power aivl shutdown operations at ¢ommercial
nuclear power plants. The framework in its
present form has been published in a draft
Ietter repont (Drafi Task 6 letter report) to
NRC. The most recent pablicly available fom
of the framework was presented at the 1994
Probabilistic Safety and Management (PSAM
) conference.! This section prevides a
summary of the principal featnres of this
framework related to the analysis of medical
misadministrations, and the various
taxonomies associated with the framework.

The graphical representation of the
framework is a flow diagram shown in
Figure 1. The arrows in this figure indicate
influgnces. For exampls, the occurrence of
error mechanisms i3 influenced by the
performance shaping factors (PSFs). This
influence is shown by an armow from PSFs to
error mechanisms.

A.5.3 Unacceptable
Qutcomes

Unacceptable outcomes are self-descriptive;
they represent ., the results of the
misadministration that are deemed
unacceptable by zome position of authority or
regulation, In the c¢ase of medical
misadministrations reviewed by NRC, thete are
identified a range of unacceptable outcomes

that are¢ used as the basis for this analysis,
These are: dose to the wrong patient, dose 1o

the wrong site, wrong dose, and wrong isotape
used.

A.5.4 Human Failure Events

Human failure evems (HFEs) represent the
interactions with equipment or patients that
result in the unacceptable cutcome. Thess are
often expressed in terms of the state of the
equipment being incorrect, as im the case of
“Incorrect ireatment program entered in HDR
machine.” The focus of the HFEs is on the
consequence of one or (usually) more uwnsate
actions (Merrors"} that represented the
immediate cause of the unacceptable
outcomes.

A.5.5 Unsafe Actions

Unsafe actions are those actions taken by
people that lead the plant into 2 less safe state.
Unsafe actiens also include the umsafe
consaquences of actions not taken (the s0-
called errors of omission). These are often
called "humam errors” in typical event
investigations. The distinction in this
framework is that many unsafe actions do not
involve "ermrs" in the natrow sense {often
actions taken that were not intended); rather,
they may involve mistaken intentions or
deliberate rule-breaking. As described later,
people can be "sef up” by circemstances and
conditions to take the actions that led to unsafe
congequences. In those circumstances, the
people did not commit an error in the every-
day sense of the term; they were doing what
was the "correct” thing as it seemed at the fime.

Reason? provides a taxonomy of the classes
of unsafe actions. Slips and lapses lead to
unsafe actions where the outcome of the action
was not what was intended. Skipping a step in
a procedure or reversing the numbers in an
identification label are examples of lapses and
slips respectively. Both are emrors associated
with what Rasmussen® has termed skill-based
level of performance. This level of
performance s  associated with the
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predominzgndy “automatic control” of routine
amdl highty practiced actons. The significance
to risk of these unsafe actions generally seems
1o be guite small for the simple fact that these
actions. not as intended. are easily recognized
by the persen involved and (in most
circumsiances} are easily corrected.

For unsafe actions where the action is as
intended, there are two broad classes of wnsafe
actions. The first relates 1o inkentional actions
in which the intention is wrong. For example,
the pperator may have misdiagnosed the plang
condition and is following the procedure for
the wrong condition. The consequential
actions are mistakes. The zecond is where a
person decides o break some rule (even
though the rule is known to them) for what
seems 0 be a good (or at least benign) reason,
such as reversing the steps in a procedure to
simplify the task. Unsafe acticns in this last
category are circomventions.(Referred o as
“violadons” in Reason's ieminology. However,
"violations” has a distincily differsnt meaning
in NRC investigations from that intended
here.) It should be noted that acts of saborage
are distinct from circomventions in terms of
the imiended consequence.

Mistakes can be considered rule-based or
knowlkedge-based depending on whether the
task is demanding rvwle-based or knowledge-
based perfermance. For rule-based
performance, documented, task-specific
instructions are being followed (usually
containgd in procedures for akmost all power-
plant activities important to safety). For
knowledge-based performance, the person
invoived is relying on ingrained technical and
specialist knowledge (as in generalized
troubleshooting). Rulz-based mistakes are
further subdivided as o whether the wrong
riles are being followed (for example,
following misdiagnosis), or the rules are
appropriate but contain technical omissions or
flaws.

Mistakes are perhaps the most sipnificand to
risk becanse they are being followed
purposefully by the user, who has limited cues
that there is a problam. Indicalions
conimdicting the diagnosis are often dismissed
as "instrument etrors”, for example. Often it
takes an optsider 10 the situation to identify the

NUREG/CP-0144

nature of the problem as happencd at Three
Mile Island,

Circumventions are distiectly different in
their causes from the other kinds of unsafe
actions and are not be considersd “human
errors’ in many psychological analyses.
Reason provides the following interpretation:
circumventions "can be defined as deliberate
but not necessarily reprehensible deviations
from those practices deemed necessary (by
designers, managers andl regulatory agencies)
i0 maintain the safe operation of a potentially
hazardous system.” Circumventions are
potentially significant contributors to risk in
that unanalyzed conditions can result from
unexpecied combinations of errors and
circumventions. However, the person
commitiing the circumvention is (usovaliy)
awarz that the action has occurred and may be
able o take actions themselves or alen other
staff.

A.5.6 Error Mechanisms

Different unsafe actions can come about
from different psychological mechanisms that
lead to the same wnsafe outéome. For ¢xample,
# physicist could mis-program an HDR
machine for several reasons, First, he may
inadvertently skip a step in the dose planning
calculation (a lapse). Second., he may
incorrectly sead the instructions in the
prescription (for example, reversing two digits
& glipy. Thirl, the sofiware could contiin an
error in the coding or loock-up {ables (a
machine failure that has resulted in some cases
from a lack of kmowledge on the pait of the
physicist). Fourth, the plan may have been
developed for a different patient (a rule-based
mistake). From the outcome perspective, the
homan failure event is still “incorrect
freatment program in HDR maching,” As will
be discussed, the opportunities for these
different mechanisms to be corrected before
treatment staris are significantly different.

These different reasons for performing an
unsafe action represent different error
mechanizms, There are important differences
between these emor mechanismsy, both as to the
conditions under which they can occur and ihe
potential for recovery.

Enmor mechanigms are fot observable in
themselves, only by their consequences as
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unsafe actions. Therefore data sources such as
event repons will not provide information
specific to this classification. However, the
clagsification is imporant in that consideration
of error mechanisms provides a logical basis
for considering the influence of clusters of
P3Fs and contingent conditions on different
unsafe actions. The following is based in large
part on the discussion by Reason in Ref. 3.

Reason has identified error mechanisms
asgociated with the different kinds of unsafe
actions. For the purposes of this project, thase
can be classified into two groups: failures
associated with cognitive processes, and
circumvention-related factors, For example,
the Failures associated with cognitive processes
(and their most likely-to-be-associated types
of unsafe acticn) include:

= failures in agention {mainty slips)
+  fatlures of memory (Japses)
+  failures of recopnition (maindy lapses)

+ failures of sitwatiopal appraisal
(misapplications of "good rules" [rule-
based mistakes] and knowledge-based
mistakes)

= failures of verification (misapplicatipns of
"good"” rules and knowledge-based
mistakes)

«  molor program [ailures (applications of
bad rule: [rule-based mistakes])

= incomplete knowledge {rule-bazed and
knowledge-based mistakes)

= inaccwrate knowledge (rule-based and
knowledge-based mistakes).

It should be noted that confirmation bias
and overconfidence, for example, are
subsumead under verification failures,

Given these error mechanisms, it 1s possible
{0 identify some of the situational imfluences
that are likely to give rise to the mechanisms.
These are not considered to be formally
complete. Rather, these are intended jost to
indicate the kinds of linkages thal may be
important in the medical misadminisiration
gvents,

Precursors of attentiona! failures:
distraction, high workload, stress, changes in
work roulings, sitvations, or plans.

and Comparison of Human Error Modeling

Precursors of memory failures: distraction,
high workload, smress, and task items in which
necessary knowledge must be kept in the head
rather than being inherent in the ask.

Precursors of recognition failures: poor
“signal-to-noise ratic” (e.g., poor huoman-
machine interface or communications),
disiraction, high workload, stress, ete.

Precursors of situational appraisal faijures:
coupter-indications to application of
appropriate rule embedded in 2 mass of other
signals some of which are indicating the use of
1 “strong-but-wrong” rule, inadequaie training,
inadequate procedures, inadequate supervision,
stress, distracfions, eic.

Precursors of verification failures: as above,
with greater emphasis on distraction, stress,
workload, and other things likely to disturb or
presmpt “on-line” reasoning.

Precursors of motor program failures: a
“forgiving” environment in which bad work
habits are not comrected by supervision,
expericnce, frainmng, or adkequate procedures.

Precursors of koowledge failures:
inadequate procedures, training, and

leadership.

In the case of circumventions, it is
recognized that only limited research exisis as
to error mechanisms and the conditions that
influsnce their occurmence. Data reponted in a
paper by Reason & Free,* that describes
several research programs aimed at
undersianding this area of behavior, is attached
for information in Appendix A.

A.5.7 Performance Shaping
Factors

Givens the differences between the possible
error mechanisms that could be the canse of
one ungafe action, the wse of 3 gingle set of
performance-chaping factors (PSFs) for all
mechanisms is inappropriate, As discussed
above, each error mechanisim has a primary set
of factors. In addition, the rates and locations
of circumventions are sirongly influenced by
the task design and the occurrence of
incompatible goals or requiremenis, and the
rewards an] penalties for compliance.

Twe important point is that no single set of
PSFs apply to all error mechanisms, and that
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uzing a single set of PSFs would be
appropriate if enly that particular error
mechanism were the maost risk-significant.

A.5.8 Contingent Conditions

The distinction beiween FS5Fsz and
congingent conditions is a pragmatic one, since
both infloence the rates and types of unsafe
actions. Contingent conditions are those
aspects of performance at the facility that are
distincdy different from the routing of other
similar opportunitics for similar unsafe
omcomes. They often represent aspecis of a
treatment plan or facility operation for which
normal planning and procedures prove
inadequate in some significant way. In
contrast, the PSFs are often related 10
ergonomic aspects of the sitwation, which can
often be evaluated by techniques such as walk-
thronghs, use of human-factors checklists, and
50 O

A.5.9 Analysis of Medical
Misadministration Events

Three misadministration events for analysis
were selected jointly with the INEL project
team. These avents are identified as Events A,
C. and D in NUREG/CR-060886. These events
are analyzed below,

Event A, Misadministration of a High
Doze Rate Remote Brachytherapy
Treatment, November 1991

Summaty of Event

In this event, a male patieni was due 10
receive hig fifth and final radiation therapy
treatment for cancer of the nasal septum.
Eollowing its atachment to the patient's nose a
catheter was connected to the high dose rate
{HDR) wnit by a resident physician, The
medical physicist who had programmed the
previous four treatments was not available so a
second physicist programmed the HDR unit
using the treatment chart adjacent to the HDR
console. The physician and the physicist
verified the data programmed into the HDR
unit corresponded to the information in the
chart and the unit was activated. Shonly afer
the treatment began, an observer asked the
duration of the treatment. The physician
indicated that it should last about 90 seconds,
whereas the physicist indicated more than 400
seconds. Becsuse of the difference, the
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physician directed that the treatmeéent be
stopped. Subsequently it was found that the
wrong chart had been used to program the
freatment. Two charts were located by the
HDR console. The physicist had sefected the
wrong one, and no verification of patient
identity was made. As a result, the patent
received @m wnintended dose of 76 ¢Gy (o the

lips.

Analysis

This analysis discusses the vanious elements
of the framework as they occurred in this
event, The framework in flowchart format
correspotding to this event is shown in
Figure 3.

Unacceptable Quicome

The unacceptable outcome in this case is
defined by the NRC's category of dose to the
WIONg site.

Human Fallure Event

This event was the result of the incorrect
program being entered into the HDR device
by a medical physicist. The program that was
entered was designed for a diffarent patient.

Unaafe Actiens
Two wnsafe actions led tw e HFE, First the
physicist selected and entered data from the
wrong patient's chart. This was a rule-based
mistake in that the data were entered
purposefully according 10 the correct
procedure; it was the wrong data source that
was nsed. Second, the physician present, while
reviewing the printont from the HDR
programmer, failed o identify that the data
entered in the HDR, program were incomect.
This was a knowledge-based mistake. The
physician did mot know how to read the HDR
data printout and so did not understand that
ihese data did oot comespond with the
prescription.

Error Machanising

Twa different error mechanisms
contributed to the physicist entering the wrong
data. First was the sclection emor beiween the
tw0o chans left by the HDR machine. This
selection ermor was encouraged by the absence
of clear identification marks as ¢ which chart
applied to which patient (see PSFs). The
second error mechanizsm related to the
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physicist was the absence of any atempt to
verify the patient'’s identity. Depemnding on
whether the physicist was trained and required
o check the patient's identity, this represented
a circumvention (knew the miles but did not
follow them) or a lapse (forgot about the rule),
or, if no such raining or mle was provided, a
motor-pragram failure (an inadequaie rule
conceming patient identification). In thig case,
reference 5 identifies that the facility lacked
any procedure requiring verification of patient
tdentity versus the treatmemt plan, and
therefore this emor mechanism is a faiture in
verification.

The inability of the physician 10 interpret
the HDR machine program was a nesnlt of
incomplete knowledge; he simply did not have
the knowledge o make the correct
interpretation,

Parformance Shaping Faciors

For the first error mechanism of the
physicist, mis-selection of the patient's chart,
the principal coniribwions come from poor
control of the charts (Procedure), and an
inadequate fabeling system associated with the
location of "nexi patient” charts (Labeling
[part of Human-System Inéerface]). For the
second error mechanism, the physicist's failurz
o verify the patient identity, was shaped by the
lack of facility requirements (Procedure) and
{probably) by a failure in training,

The incomplete knowledge on the part of
the physician is the result of inadequate
training.

Contingent Faciors

Several factors created the opportunity for
this event. First, the facility was normally
operated with a small number of patients; two
patients being treated with the HDR unit {and,
hence, two charts being near the unit) in the
game day was uausual. Most HDR, treatments
(~ %) were gynecological, with most others
being endobronchial. Hence two patients
involving nasal catheters on the same day was
very rare. {However, two patients having a
simiiar preparation for gynecological
treatment may noi be so rare) Second, the
physicist who previously treated the patient
considerad he would have recognized the
patiznt, possibly beczuse ¢f the smail number
of patients. However he was not available and
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the second physicist did oot confirm the
idenrity of the patient.

All of these factors created the opportunity
for the physicist 1 select the incorrect chart.

Event C, Misadminlstration of Manual
intracavity Brachyiherapy Treatment,
February 1992

Summary of Misadministration

In this eveni. a female patient was
vndergoing the second of two brachysherapy
treatments using a Henschke afterloading
applicator with cesiom-137 sgurces as part of a
treatment plan for cervical cancer. The
features of a Henschke applicator and other
aspects of the hreatment are described Further
in Reference 5. A "new” radiation technologist
{RTA) was Ieing trained in active-source
loading procedures inclwding those associated
with the Henschke applicator by an
experienced wchnologist (RTB), who was alse
performing other, separate duties. RTA, on
observing that the experienced technclogist
was busy, decided 1o proceed with the source-
loading process in the source-storage room
without waiting for RTB. As she started, she
saw the radiation therapy supervisor {RTS) aml
requested her help. As a result, RTA and RTS
sefected sources from a drawer in the safe
labeled "10 mg" and "15 mg" sowrces, the
correct sizes of sources for the therapy. RTA
then jnstalled these sources intp the source
carrier associated with the Henschke applicator
angd camied them in a "pig" to the simulation
moom. The sources were subsequently wsed in
the treatment. On leaving the source storage
room, RTA entered data into the source log-
book. Rather than enter the data
cosresponding Lo the aciual sources, she
copied an earlier entry for sources wsed in a
previous similar procedore.

However, the sources used were not the
comect sour¢es for the source carrier. Because
of a different geometry, the selected sources
were not retained by the helical springs in the
Henschke source carriers. During treatment
{plarmed for 40 hours+) the sources relocated
within the carriers to the capped erxls, causing
radiation doses w0 the labia and upper thighs.
The emor in selecting the sources was strongly
influenced by the assistance of RTS, who had
not performed a loading of a Henschke
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applicator for sight years. The sourrces selected
by ETA were those that were in use eight yvears
earlier, but were no longer the correct ones.
The mis-selection was compounded by the
Izbeling on the sowrce safe. The drawer from
which the sources were removed was the only
one labeled with the source sizes. However the
drawer was not intended to be used and a pisce
¢f unlabeled tape had been placed to prevent
the drawer being opened.

The incorrect location of the sources was
found because of a separate problem with the
initial semp of the applicator. In accordance
with the original plan, a straight intrauterine
tandem was prepared and loaded with dummy
gsources for the simulation films. However,
during insartion, the physician decided that a
carved tandam would be more svitable 50 one
was wsed in stead of the straight tandem,
However, the dummy scurces were left in the
straight tandem, When the simulation film was
read, the dommy sources were observed 1o be
niszing. According to procedures, the
treatment could continue anyway and was
allowed to proceed. The medical physicist, on
observing the lack of dummy sources, decided
that thiz was an opportunity to train a "new"
medical physicist in the dosimetry procedure,
and requested a second film to be taken,
Becavse of the workload in the X-ray
depariment, the second film was taken about 6
howrs afier the medical physicist's request.
Once this was reviewed, it was seen that the
cesim  sources were not in the correct
location, The patient's physician ordered the
removal of the sources. This was done about
24 hours after the start of the treatment.

Anzlysls

This analysis discusses the various elements
of the framework as they occumed in this
event. The framework in flowchart format
corresponding to this event is shown in
Figure 3.

Unaccoptable Outcome
The unacceptable outcome in this case is
defined by the NRC's category of dose (o the

wWrong site,

Hinman Faliure Event
COne human-failore event occwrr=d: the
wrong sowrces were installed in the Henschke
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applicaior, which were then relocated to the
wrong site bacause of the incompatibie
geometry between these sources and the
sgdree carriers,

A sub-pptimal recovery occurred in that the
location of the sources was discovered during
the treatment, but only afier 24 hours after the
sources wers loaded. However, there was no
requirement (o repeat the film before the
treatment started (since othet means existed o
calculate the treatment dosimetry), failure to
repeat the film is not a failure.

Lingalfe Actlons

Two unsafe actions led to the wrong sources
being installed in the Henschke applicatar,
The first was more important; the second
removed a potential, though unlikely, recovery
opporiunity.

The first unsafe action was the unauthorized
remaval of the incorrect sources from the zafe.
RTA knew that she was not authorized to
remove sources from the safe. This was 1o be
her training pericd for such an action. Her
action (0 remove the sources (a circumvention)
was compoundad by the advice of the
supervisor, RTS, whose knowledge of the
location and sources to be used was ouidated,
As a result, RTA removed the wrong sources
from the safe and ingialled them in the sowrce
carriers. Without the circumvention the
incorrect spurces would oot (in all fikelibopd}
have been selected.

The secondd unsafe action was the failure of
RTA to recond the data asseciated with the
sources actually removed from the safe in the
log book, rather than copying the data from a
previgus entry. This was again a ircumvention
of the rules conceming logbooks. Since RTA
was i qualified radiation technologist (just not
trgined in this particular area), it can be
assumed that she understood the need for
logbock record-keeping. The contribution of
this action was t0 remove one potential
recovery opportunity. That is, if the sources
actually removed had been logped and
someone efse (say, RTB) had subsequently
inspected the log book, it was possible that the
error would have been foumd. However, there
is no indication that a periodic check of the
selected sources be performed other than
during 2 source-log book awdie, which would
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have identified the mis-identification of the
sources in the log book.

Aungditing of the source log book was
required only once every six months
according to the Radiation Oncology's Quality
Assurance Propram. It 1s constdersd vnlikely
that the error would have been found during
the treatment period; the probability of a six-
monthly test occurring within the planned
42.5 hour trestment period is approxmmately
1/100. Nonetheless, the potential existed,

Error Mechanisms

The first unsafe action, the uwnavthorized
removal of the sources, resulted from three
srror mechanisms associated with two people,
RTA and RTS. The first crmor mechanism
associated with RTA was the ervor in judgment
in deciding to proceed with the remaval of the
sources despite not being so authonized (error
in judgment leading to a circumvention), The
second was the sclecton error that led o the
incorrect sources being inserted in the source
carrier. The crror mechanisms associated with
RTS was the use of inaccuraie knowledge in
that she relied on her out-of-date experience
im helping select the sources.

The cause of the second unsafe action,
¢ntering incorrect data into the log book, is
not described specifically in the report.
However, one might suspect that this approach
2 record-keeping was not uncomnon on the
part of the imdividval; it may bhave been
common for other personnel.

Pearformance Shaping Factors

The factors associated with RTA'S judgment
error, fo select the sources, are not identified in
the repont. Potential PSFs would include:
workload (since RKTB was busy), the
penaltissfrewards system (as iU was applied at
that facility for “rule-breaking"}. and
overconfidence on the part of RTA {she was a
qualified radiation echnologist). Additionatly,
the event may indicate that training about
acceptable behavior during training may have
been absent,

The PSFs assoclated with the selection ermor
by RTA are identified in the report. These are:
the imadequate labeling of the source safle
drawers and her lack of (raining (recognizing
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that she was in training when this event
occurred),

The PSFs essociated with the inaccorste
knowledge associated with RTS are the
labeling of the source safe drawers {the same
PSF as above}, and a lack of training
associated with changes in procedures in the
area supervised by RTS.

Again, there are no identified PSFs
associated with RTA's decision o ¢copy the
previous log-book entry. The same potential
PSFs associated with the source-sclection ermor
(workload, penaltics/rewards system and
overconfidence) could similady apply here.

Contingent Factors

Several contingent factors played a role in
creating the potential for lhis
misadminiseration, The first (and possibly the
most significart) was the continmed storage of
the out-dated sources in the same safe as the
cumment sources. The wse of two lengths of
ueanacked tape to indicate that drawer was not
to be opened was a very weak altermnative o
removal of the outdated sources, as reflected in
the "labeling” PSF above.

The second was the unfortunate
combination of the supervisor's owtdated
knowledge with the change in configuration of
the Henschke sowrce carricrs. Other changes
would not have led 1o a patiemt
misadministration (such as if the ouwtdated
sources were 00 big, rther than teo small, for
the source carriersy.

The third contingent factor that increased
the likelihood of carly detection was the
presence of a "new” medical physicist, Because
of his peed to be trained, the staff medical
physicist decided to have a repeated film taken
for the dosimeiry calculations. But for this
reason, it appears likely that the medical
physicist would have used the original film
without the dummy sources. In that ¢ase, the
treatment would have centinued for the
planned 42.5 hours.

A.5.10 Discussion of Generic
Error Modeling Framework
Results

This section discusses the advantages gained
from the uvse of the Generic Ermor Modeling
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Framework and compares these with another
himam-error modeling method, THERP.

Advantages Gained from Use of Generic
Emror Modeling Framework

The advantages gained from the use of this
framework are in several areas. These are;

+  presentation of results of investigations;

+ explanation for  causes  of
misadministration events;
identificztion of modificalions to
investigation protocols; and

adaptation of investigation resulis for other
USers.

Presentation of Resulty of
Investigations

As shown in the example analyses in
Section 3. the framework provides a
hierarchical structure to presenting the results
of the investigations. This stru¢ture helps make
clear the dimensions and different
contributing factors that simple parrative
descriptions provide. One important
distinction is what were the observable actions
that people took (unsafe actions) that led to
the defenses in medical uses of nuclear devices
failing. versws the states of mind (error
mechanisms) that precipitated the action. A
secomd i5 to  provide a description of how
specific  performance-shaping factors
infleenced specific unsafe actions. A third is a
description of the contingent conditions came
to play their significant roles. It has been
found that, by representing

Of particular benefit, it has been found in
other applications of the framework that the
use of the hierarchy in describing the events
and their canses helps communicate the key
elements to people not expert in the areas of
human Factors or {in this case} nuclear
medicine and radiation therapy. This applies
particularly to regulatory agency
management.

Explangtion for Causes of
Misadministration Events

The framework at the levels of unsafe
actions and error mechanisms reflects concepts
developed in the psycholeogical community;
specifically those described by Reasen in
Ref. 3, Many of the actions and mechanisms
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described there have existed for some time in
the literature, and therefors are implicit in
existing event reports (whether or not they use
the same taxonomy). However, Reason
introduced a class of unsafe actions that rarely
had been considersd explicitly in gvent
analyses. These are circumventions, the
deliberate though non-malevolent breaking of
safety rules and progedures. This ¢lass of
unsafe actions appears to play an important

‘'role in the occurrence of several

misadministration events, particularly the
manual brachytherapy misadminiseration
described in Section 3.2, Another case where
circumventions played an important rode was
the remote brachytharapy migadministration at
Indiana, Pennsylvania,®

The distingtion between circumventions and
other types of wnsafe actions is important.
Firsl, the circumstances associated with
circumventions are largely different from
those associated with the more traditional
forms of errors. Even though the description
for circumventions is not yet as developed as
thoge for other types of unsafe actions, the
more traditional areas of human-factors
¢enginecring do not seem 0 be 50 important
here. These would include procedures’ content
and presentation, design of displays, and so
on. Circumventions are typicaily associated
with motivational and management issues.

It is moognized that ways of evaluating and
modeling circumventions are net yet
complete. However, the notion of
ciccumvyentions as a factor in significant
misadministration events scems important in
the explanation of their occurrence.

ldantHication of Modifications to
Investigation Protocols

Given that the framework brings a structure
to the description of the events, amd that it
introduces a new class of unsafe action, then it
is possible 10 use its concepts 0 modify and
extend the protocols used during the on-site
investigations. These svggestions are not
intended as any form of criticism of the
present protocols, but are simply intended w
indicate how the framework can supplement
the concepts already in use.

First, by providing a nominal set of PSFs
that are considerad more likely to be linked
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with centain etror mechanisms and Lypes of
unsafe actions (see Section 2.4), these conld be
used as a focused arca for investigation,
pessibly prompting a ssarch for influences
that would be otherwise ocoverlooked or
minimized. In addirion, negative findings
would also be important in the development of
improved databases for these events. Second,
the new types of unsafe actions, particularly
circumventions, are not considered explicitly
in the current proiocols. As a result, the causes
of the circumvention discussed in Section 3.2
are based on supposition mther than evidence,

Adaptation of Investigation Results for
Other Users

One of the uvses of the mizadminisiration
event investigations is t0 provide information
1o other users for regulatory applications, such
as the use of probabilistic rlsk assessments.
One difficulty in using event investigations in
their "native" form is that the clrcumstances
surrounding an event are often unique and are
described in terms of what Hudson’ has
labeled “tokens". Tokens are the specific
causes and factors that occur uniquely in
individual events, such as the misleading
deawer labeling coincident with the out-of-dats
knowledge of RTS discussed in Section 3.2.2.
In contrast, regulators and risk analysts need to
draw more general conclusions from these
accurrences to prevent classes of events and
failures; what Hudson has called "types”. In
order to gencralize, it is appropriaie to apply
iaxonomies to the various dimensions of these
events, such as the types of ansafe actions and
their contributing PSFs,

This framework provides a suitable sat of
taxonomi¢s. For example, duning discussions
with INEL staff it was found that application
of the framework to the events described in [3)
provided significant help in expressing the
events in ways that PRA and HRA analysts
could relate the event datz to the modeling of
the classes of events intc PRA irees. A
companscn of this method with one of the
standard HRA techniques is discussed in
Secron 4.2,

A.5.11 Comparison with the
THERP Method

The Teachnique for Human Error Rate
Prediction {THERF) is one of the longest
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established methods for estimating the
probabilities of human errors, It was
developed and first applisd as pant of the U5,
NR{C's Reactor Safety Study (WASH-1400) in
the carly 1970's. Since then it has been
modified and updated once by its authors; the
last documented version of the method® was
published in 1983,

In order t0 compare the methods discussed
in Section 2 with THERP, there are a few
points of clasification to be made. First, most
analysts {including the INEL staff) do not
simply apply the methods and data presented
in [8] when performing an HRA study. Rather
they use the concepts contained in THERF as a
spring-board for their own analyses. often
involving sxpent judgment beyond the THERP
database for providing Influences of shaping
factors and calculating probabilities of ermors.
The one feature of THERP that is most
frequently followed hy moast analysts is the use
of detailed 1ask analyzes to describe the
various actions required by plant (or medical
personnel) t0 perform some task safely. Ermore
probabilitics ar¢ then assigned to each step in
the task analyses to represent the likelibaod
that particutar step is (in effect) omitted, All
such probabilities can then be summed 1o
pravide a probability that the overall task is
not completed correctly. (Thizs is &
simplification of the mathematical process.
Detajls of the actual mathematical
manipulations are provided in standard
references for probabilistic risk analysis.)
Therefore the application of THERP tends to
vary between analysts in terms of the acmal
PSF data used and the exact form of the task
analysis (level of decomposition, stop-rules for
recovery, €1¢,), This inter-wser variability has
been considered one of the principal factors in
limiting the repeatability of THERP results,”
which has demonstrated variations of maore
than 103 in esdmates of eror probabilities for
the same sample case, jor example. For this
comparison, the ¢mphasis is on THERF as
docemenied; there are simply toD many
variations in 11s application to use any other
hasis,

Second, the method described in Section 2
dees ol constifute a working HRA method.
The framework has been developed as one nf
several steps towards an improved HEA
method, but several major tasks remain
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incivding the development of the
gquantification process. Therefore the
comparison cannol be made on the basis of
what each estimates as ermor probabilities for
the same setting. Rather, the comparison can
only be based on the degree to which each
identifies important aspects of human erors as
seen in "reat-world” events, Given the nature of
how different groups use THERFP as a
framework rather than as a complete HRA
procedure, this comparison is reasonable. It
must also be recognized that research on the
elements of the framework is not yet finished.
More work is planned in iwo areas important
in medical misadministrations: the causes of
circumventions, and a taxonomy for
contingent conditions. Both require additional
data analyses.

interpretation of Probability of Human
Fallure

The first fundamencal difference befween
THERF and the Generic Ermor Modeling
framework lies in the embedded belief in
THERP that opportunities for human emors
occur continuously through all steps in a
detailed task analysis, and that (for the most
part} these are scparable and “independeni”.
(By independent, it is implied that the
principles of superposition [lingal addition]
can be applied o eror probabilities. not that
rules for dependence analysis are not
provided,) Further, the influences represented
in the THERP P5Fs are. for the most part,
considered independent. These properties of
the modeling represent, in effect, that human
reliability is a stochastic variable; that is,
peaples performance randomly varies through
time and is modulated by the various PSFs.

In comirast, it is the view represented in the
Generic Ermor Modeling framewotk that (on
the whole) people ar¢ highly meliable excepi
when placed in settings where the conditions
and the PSFs combing in such a way as to
make failure vinwally certain (at least, highly
likely!). The practical sipnificance of this view
is that what have been temed the contingent
conditions are an equal influence in
determining omcomes as are any PSFs, It is
the comtingent conditicns that set up the
opportunities for errors to result in human
failure events. Thersfore, in assessing any
SCemaria, it is critical to assess what conditions
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represent “business as usual” and what are
significant departures from thoze condilions
where the normally adequate PSFs are no
longer adequate (or may even be adverse).
Such departures are represented by the
contingent conlitions, though these need 10 be
funther systematized.

The distinction can be summarized by the
following two interpretations of the probability
of a human error in some task. In effect,
THERP is implying that, for the given task and
PSFs, a failure probability of 10-2 means that
for every hundred times the task is performed,
on average a person will fail to perform the
task correctly once. For the Generic Error
Modeling approach, such a number would be
interpreted as that for every hundeed titaes the
task is performed, the combination of PSFs
and contingent factors will result in almost
certain failure, Therefore the probability is
determined principally by how often the
combination of PEFs and contingent factors
will occur. For comparatively high
probabilities (such as 10-2 per event), the
practlical difference in interpretation may not
be oo imporant. However, as probability
estimates decrease, our imagination limits our
ability to consider the range of abnommal
contingent faclors that may negate such
probabilities. For example, with a failure
estimate of 10-5, we muost be assurad that there
are no conditions that can occur more
frequently that 1 in 100,000 that can "force” a
human error. This is why the pew method will
include a significant effort to identify the
potential for suck conditions,

Conslderation of Error Types

THERPF provides no real ¢lassification of
error types. It does distinguish errors of
omission and commission, though these are
differences in consequence, not in the
undertying mental processes. For the most
part, the enors described in the THERP data
represent slips and lapses. They are principally
errors committed in following procedurss
(written or oral) where steps are omitted,
conirols are mis-selected, or indications or
labels are misread, Mistakes are considersd
only in terms of misdiagnosis uwsing a time-
reliability correlation. Circumventions are not
considered, The recovery mechanisms are
primarily asseciated with slips and lapses
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(walk-round checks of displays. alamm
annunciators, and the like), with some limited
consideration of one person checking another
{a potential recovery against some nile-based
mistakes).

The crror types considered in THERP
represent the concems during the period of its
development. Prior to the accident at Three
Mile I[sland (TMI} in 1979, much concem
gbout operator behavior was focused on layoat
of displays, labeling, and meter reading. This
was reflected in the focus of human-factors
guidelines then in wse in the nuclear industry.
(See, for example, the bibliography conizined
in The Human. The Key Factor in Nuclear
Safery: Conference Record for 1979 IEEE
Standards Workshop o Human Factors and
MNuclear Safety, IEEE. New York., 1980.) The
"nominal diagnosis” module was added post-
TMI, when a variety of simifar {at least in
principle) time-reliability based methods
emerged in the early 10 mid-1930's to address
the concem of misdiagnosis. Circumventions
represent 4 new area. Their importance has
become recognized following Chernobyl and
such nen-nuclear catastrophes as  the
Challenger explosion, the petrochemical
accidents at Bhopal, Institute (West Virginia),
and Channelview (Texas), and the
transporiation accidents at Valdez {Alaska),
Zeebrugge (Belgivm), and a1 Kings Cross and
Clapham Junction (London, U. K.). The
significance of the "off-normal” contingent
conditions has alse been recogmized in these
events,

In svmmary, the THERF methcd has
considered in detail only one class of the
range of srvor (ypes (slips and lapses), amd
provides a simplistic consideration of one class
of rule-based mistakes (misdiagnosis). In
contrast, it is intended that the Generi¢ Error
Modeling methed will consider all presently
identifiad ertor types.

This distinction is not only impottant in
terms of quantification. Perhaps more
tmportant is the way the errors are described
qualitatively. These qualitative descriptions
play an impomant role in shaping people's
perceptions of the important human-factors
¢oncams. These perceptions then influence
which regulatory forces are brought (o bear.

and Comparison of Human Emor Modeling

Use of Operational Experience

The final distinction between THERP and
the Generic Emmor Modeling {when complete)
is that THERFP provides data rables
representing the (unquestioned) expertise of
the method's authors. However no mechanizm
wag provided for incorporating operational
experience into the database, Therefore, ag
experience with man-machine technologiss
has developed and expanded, this has not been
reflected in the THERP method (at least as
published). In contragt, error probability
quantification it the Generi¢ Error Modeling
method as now planned will be based on
expent judgment that is formally based on a
fwo-stage  incorporation of operaticnal
experience,

A.5.12 Conclusions

In conclusion, it is believed that the Generic
Error Modeling method, ithrough itz
framework, provides a more realistic
description of the contribution of buman
behavior to significant accidents. Iis
development has been strongly imfluenced by
the experience of severe accidents in several
technologies; it is consistent with recent work
in psychology, and provides a logical basis for
parsing human errars and their causes inte
different levegls of  Jdescription, Tis
interpretatinn of the probability of human
failure is logical and c¢onsistent with
experience in several fields, Addidonally, it
will be a "living” method where operational
experience will be constantly factored in. This
should reduce the problems associared with the
developments in the underlying man-machine
technologies. It is recognized that there is
considerable work reguired to convert this
method into a practical HRA method. This
work is continuing, however, with a prototype
method being available in the next 12 to 18
months.

In corrast, THERFP analyses are focused on
a fimited set of error iypes, which was the
focus of concern at the time of itz
development; it most be recognized that these
types are not the only one of concern today.
Its implicit interpretation of error probability
does not seem 10 accord with our experience
in major accidents, whers consistently he
presence of "off-normal” conditions were a
stgnificant Factor and almost guaranieed
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fallure., There are no mechanisms for it (o
incorporate  operational experience nor
address new technologics. Because of these
shoncomings, many analysts have had o adapt
the THERF concept to their own applications.
However, experimenis in the applicatlon of
THERP in this way have imdicated a high
degree of variability in the estimared of human
error probabilities.

A.5.13 Some Praliminary Data
on Circumventions

{Taken from Reference 5

These results are based on evaluations of
circumyentions during shunting (a railroad
activity involving the coupling vp of goods
trains}.

"Time& pressure, high workload, and a
quicker way of working featured as reasons
for all rule circumventions. These were
designated as general factors, When these
general factors were excluded, three specific
factars appeared, telating to particular rules.
These were as follows,

Factor I Competence
» Inexperience

v Laziness
*  Managerment tuns a blind eve

N.B. Experienced shunters saw these
circumventions as being more the result of
errors than deliberate non-compliance.

Facter 2: Aptitide

v A gkilled shunter can work safely this way
« It's amache way 0 work

«  Management ums a blind eye

N.B. These were high-frequency and low-
risk circumventions, later classified ag rputine
circumventions

Factor 3: Work conditions

» Design of sidings makes circumvention
Necessary

*  PRules can be impossible to work 1o
« Incxperience

NUREG/CP-0144

N.B. These were high-frequency and high.
risk circumventions, later classified as
gituational circumventions,”
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PSFs Error Unsafe Human Unacceptable
! Mechanisms Actions Fallure Outcome
[ Workioad? | Event
° | | RTA decides
‘ Overconfidenca? > to select
!
]} Training | RTA selects RTA removes
i | wrong wrang
L ; sourcas EQUICes
t Labaling L B Incorrect
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Training | SOUrGes applicator

1
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presence of new MP

Figure 3. Analysis of Event C, Intracavity Mamal Brachytherapy Misadministration
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A.6, PRELIMINARY EXAMPLES OF THE
DEVELOPMENT OF ERRQR INFLUENCES AND
EFFECTS DIAGRAMS TO ANALYZE MEDICAL

MISADMINISTRATION EVENTS

Taml A. Thatcher, Harold S. Blackman,
and Lea T. Ostrom

ABSTRACT

An eror modeling framework described by John Wreathall'! has been
modified and applied to depict the hwman emors associated with medical
misadministration evenis. [dentifying the factors that affect human
performance are essential for uwnderstanding and helping to prevent these
medical misadministration events because human errors are often a direct
cavse of the event, Additionally, recovery actions taken by humans are often
the only way 10 prevent a misadministration when a buman error, compuier-
related fzult, or hardware failure has occurred. The diagrams resuliing from
this error modeling are called error influence and effects diagrams.

Etror influences and effects diagrams provide a way of guiding the
analysis of human performance, and subsequently documenting and
communicating the resulis. Analysis of actual events using this approach can
provide ah important link between past sisadminighations and the refinement
of risk assesgment models including fault tree logic moedeling and buman
reliability analyses (HRA). The approach shows how various performance-
shaping factors (PSFs} such as administrative policies, routine and abnormal
event procedurss, and human-machine interfaces influence human emors and
potential recovery actons. The significance of the error (or combination of
greots or hardware fawlts) is indicated by a description of the
misadministraion type.

This repont describes the approach amd provides taxonomies associated
with the framework, Examples of the approach developed for hrachytherapy
misadministration ¢vents from NUREG/CR-6088 are provided.

A.6.1 Error Influences and colomn te the right, Error Mechanisms,
Effects Diagrams identifies the human error mechapisms, or in

some cases, the hardware failure mechanisms.

The general framework for the error Lines connecting the PSFs to the error

influences and effects diagram is shown in mechanisms indicaie the correspondence of

Figure 1. This framework has besn adapied PSFs that influence particular error
from Reference 1 with some variations in mechanisms,

structure and terminology. Briefly, the mai
pants of the diagram are o% follows. On the left The Unsafe Actions corespond to those

sile of the diagram, the performance-shaping
factors (PSFs) that influence the occumence of
errors {or hardware failores) are listed.
Although generally addressed in other
performance-shaping factors, also included in
this column are any atypical conditions such
as non-English speaking patients, staffing
dizcontinuities, wnusual treatment site, efc.
These conditions often provide a context that
influences the occurrence of errors. The next

actions taken (or not taken) that, if
unmitigated, will lead to a misadministration.
An unsafe action may not seem to be an
“error” because the intended action was carried
out; however, it would be included here if it
may lead to an urndesired state because of the
circomstances surrcunding the event,
Hardware faults may be included in this
category for the purpose of wnderstanding the
influences contribwting to the failure and

NUREG/CP-0144




Prelimimary Examples of the Development of Error Influences and
Effects Diagrams To Analyze Medical Misadministration Evants

utrderstanding the potential recovery actions
that could prevent the hardware falt from
causing a misadministration evenl

For 3 misadminisiration event to occur,
potential recovery paths such as a review step
required by standard work practices that would
be expected 10 detect the ermor must also fail.
The recovery path may fail for reasong such as
the review was no performed (ah omission), or
becanse the review is not sufficient in scope to
detect the problem. Often a review te find
possible errors is the only way o prevent a
misadministration when an unsafe action (or
hardware Ffault} has occurred; therefore,
understanding what Ffactors limit the
effectiveness of the review are of interest.
Based on current faplt trec models of
misadministrations developed at the INEL, the
events in the unsafe actions column would
typically correspond to basic events in fault
trees because the failure of recovery actions 10
mitigate an unplanned event have been
specifically represented in the fault trees.

When an unsafe action occurs and potential
recovery paths fail, the actions or faults that
will produce a8 misadministration are stated

under the heading of Unrecovered Event. The
effect of the Unrecovered Event is stated under
the heading of Misadministration Type: for
¢example, dose 1o the wrong site, wrong dose,
eiC,

Generally, when two lines feed into one box
of text, moving from left to right on the page,
both of the contributors are necessary in order
0 produce the mechanism. unsafe action, or
unrgcovered evenl.  Using fault tree logic
terminology, this would comespond to AND
gate logic. A weak influence can be indicated
with a dashed line,

Examples of five misadminisisation events
that were documented and analyzed in
NUREG/CR-6088 are provided in Figures 2
through 6. Detailed descriptions of the events
are not provided here, but they would
nomally accompany the Emor Influence and
Effects diagrams. As in any event or fault irce
structure, the interpretation of the event is
dependent wpon the information available
about the event and vpon the judgment of the
analyst.

In representing actual misadministration
events, failed recovery paths that wers ommitted
or unsuccessfully attempted can be depictsd.
For purposes of analyzing the
misadministration event further, potentizl
recovery paths and the influences affecting
their success can be postulatad. Additionally,
if the effects of an actual misadministration
avent are known, then potential effects if a
gimilar event were t0 occur can also be
postulated.

Also, in analyzing an actual misadministration
evenl, the post-event corrective actions faken
by the licensee can be shown on the far left of
the diagram 1o indication comgspondence of
the corrective actions with the PSFs
influencing the event. This can indicate where
the effectivencss or comprehensiveness of the
corrective actions may be limited, An
example of post-event corrective actions
correspondence (¢ the PSFs is shown im
Figure 7.

A.6.2 Ermor Influences and
Effects Modeling Taxonomies

Performance-Shaping Factors
Performance-shaping factors (PSFs) can
include institutional factors such as
organizational factors, training, supervision,
and human-machine interfaces as well as
human behavior influences soch as stress or
workload. A 1axcnomy adapted from
Reference 3 is provided in Table 1. Regarding
PSFs associated with failed recovery paths, the
following issues should be considered:

What procedures or writien guidance direct
that a review be performed?

Is performance of the review documented?
Are reviews typically performed?

Who performs the review?

How much time is allotted for the neview?
What is the main intent of the review?
What signs would indicate that a problem
exists?

Are steps taken to ensure that the review is
independent?

What is done to ensure that the: review is of
sufficient scope w0 detect a problem?




Preliminary Examples of the Development of Error Infloences and
Effects Diagrams To Analyze Medical Misadministration Events

Included in the PSFs column are the
atypical conditions (those conditions thai
deviate from normal conditions) that have
contributed to the event. Examples of atypical
conditiens include inexperienced staff, new
staff, substitnting staff, non-English speaking
patients., elc. By identifying alypical
comditions present in past misadministration
cvenis, insights into deficiencies in instirutlonal
P5Fs may be discovered. These provide
additional data necessary 1o understand the
context in which the =vent ook place. For
example, a quality procedure used by an
unirained therapist is not nearly as effective.
Thus, influence and likelihood of atypical
gvents can be addressed in the
misadminisiration risk assessment.

The PSFs {(and atypical conditions)
influencing specific ermor mechanisms are then
indicated by drawing a Tine from the PSF to
the comesponding error mechanism(s). In
some instances, the line from ithe PSF may be
drawn directly to the unsafe action. One PSF
may influence several error mechanisms, and
an emmor mechanism may be influenced by
several PSFs.

Error Mechaniams

The consequence of an ¢ror mechanizm is an
unsafe act. Decomposing unsafe actions Into
emor mechanism can allow a clearer linkage o
influences and can aid characserization (and
quantification) of the ermer. Two groups of
¢rror meéchanisms are considercd: failures
associated with cognitive processes, and
circumvention-related actions. Failures
associated with cognitive processes {and their
most likely-to-be-associated types of unsafe
action) include:

failures in attention (mmainly slips)
failure of memory (lapses)
failure of recogmition (mainly lapses)

failure of situational appraisal
(misapplications of "good rules” [rule-
based mistakes] and knowledge-based
mistakes)

failare of verification (misapplication of
"good" rules, knowledge-based mistakes,
confirmation bias, and overconfidence)

motor program failure (applications of
bad male [rule-based mistakes] incomplets
knowledge (rule-based and kEnowledge-
based mistakes)

inaccurate knowledge (rule-based amd
knowledge-based mistakes)

Circumventions are actions that
intentionally break the "rules™; however, there
is not indent 10 canse harm, It may be the only
wiay to perform the task in practice, or be the
mote efficient or convenlent way w0 perform
the task, The identification of circumventions
which have nof typically been considered by
HRA techniqees can provide important
insights that affect the estimation of human
error  probabilities. Influences wpon
circumventions include the perceived
likelihood of incurring a penalty for
circumventing rules, and working condifions
thal encourage circumyvention becauwse of the
difficulty of working within the rules.

Unsafe Actions

Unsafe Actions correspond to those actions
taken (or not taken) that, if unmitigated, will
lead to a misadminisiration. For a
misadministration event to occur, potential
recovery paths such as a review step required
by standard work practices that would be
expected to detect the emrer must alse fail.
Reason* provides a taxonomy of the classes of
unsafe actions. Slips and tapses lead to wnsafe
actions where the ouicome of the action was
not what was intended, Skipping a step in a
procedure of reversing the numbers in an
identificatior label are examples of Iapses amd
slips, respectively. Both are errors assoctated
with what Rasmussen® has temed skill-based
level of performance. This level of
performance is associated with the
predominantly "automatic control” of rovtine
and highly practiced actions. These actions
are easily recognized by the person involved
and (in mest circumstancesy are easily
corrected.

For unsafe actions where the action is as
infenled, there are two broad classes of unsafe
actions: {1) when the interion is wrong
{because of misinterpretation of the sitnation),
and (2} ¢ircumventions.

Mistakes can be considered rule-based or
knowledge-based depending on whether the
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task is demanding rule-based or knowledpe-
based performance. For rule-based
performance, written instructions are being
followed. For knowledge-based performance,
the person involved is relying on ingrained
technical and specialist knowledge, Rule-
based mistakes are further subdivided as to
whether the wrong nules are being followed, or
the rules are being followed bul the rules are
flawed.

Unregcoverad Event

The Unrecovered Event includes a
statement that summarizes the combinations of
human errors {and equipmeni failures) that
will cause the unacceptable outcome, 2
misadministration event. Recovery acrions
have failed to prevent the "unrecoverad event”.

Misadministration Type

The misadministration type represents the
unaccepiable outcome of the event. It is
suggested that thiz category include the
following outcomes:

» dose to the wrong patient
« dose to the wrong site
«  wrong dose
WONg isotope
lost source
unplanned staff exposure
unplanned public exposure,

Further statement of the consequence
severity of the event or the potential severity
range for a postulated svent can be added.

A.6.3 Discussion of
Limitations and Benefits

This framework can be used to represent
actual misadminigtration events and to
represent postulated evemts developed o
mod=l misadmimistrations. The depiction of
the error influences, particularly the influences
vpon potential or failed recovery actions, is
very useful for both misadministration
investigations and for risk assessment
development and documentation.

By sharing the same format,
communication of the key influences is
greally enhanced. Additional documentation

NUREG/CP-0144

will of course be nacessary & describe the
events, but the diagrams provide a concise
focus for the event.  The level of detail in the
diagrams will provide important information
for assessment of regulatory issues.
Misadministration investigations can benefit
from the information that would be provided
by the misadminisiration risk asscssment, and
the risk assessment can be improved based on
insights obtained from misadministration
investigations.

The Error Influence and Effecis diagram
thug far does not include quantification of
human error rates or recovery probabilities;
however, the approach provides a useful focus
that will complement the gquantification of
human ¢rror based on existing theorstical
techniques avgmented with human reliability
analysis (HRA) expert judgment.

A preliminary taxenomy of error
mechanisms and unsafe acts has been
developed to provide guidance for Error
Influence and Effects diagram comstruction

This approach addresses NRC regulatory
needs because it accommodates in a logical,
traceable way, the impact of changes in design,
procedures, training, man-machine interface,
and other PSFs. The development of risk
assgssment models can provide a way (0 1arget
areas for improvement, allow sensitivity studies
o be performed, and allow the comparison of
different treatment types. By improving the
ability to communicate the important PSFs, the
risk assessment brings the human reliability
issues to the forefront so that their influences
can be understood. This provides a level of
detail that can indicate the PSFs that should be
improved and also the PSFs that limit the
effectivens=ss of proposed changes.

The key auributes of error influence
diagrams inclede to following:

Depiction of the relationship of varicus
performance-shaping factors (P5Fs) to
human ecrors and ermor mechanisms to aid
understanding and communication of
cavses and contributing factors of
undesired events.

Identification of atypical conditions that
contribate 10 the event.
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Depiction of failed recovery paths and
potential secovery paths and their
correspondding PSFs.

Identification of the dependenciss between
ermor causes and potential error recovery
actions.

Comparison of show post-event comective
action cormrespondence to PSFs 1o
communicate coverage of the corrective
actions and insight into the potential
effectivensss of the commectve agtons.
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Figure 1, Error influences and affects diagram framework.
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Figure 7. Example diagram for manual brachytherapy Event E from NUREG/CR-6088 including post-event corrective actions.
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Preliminary Examples of ibe Development of Emor Influences and
Effects Diagrams To Analyze Mexdical Misadministration Events

Table 1, Performance-shaping factors (PSFs) taxonomy.

PSF Definition

Ganeral Staft Experience Whai characterizes the experience of the
staff?

Experionce Porforming The Task I3 the task routine or indragquent?

Training What specific training applies to the task?

Means Of Olaining Basic Task Ao wiitten instractions (such as an Ax} or

Instructionz And Any Special Instructions meadical chart read, or are mstructions verbalty
iransmitied?

Time-Frassure Time to perfonm versus time avallabla.

Stress What siress is being expetiencad by the task
parformer

Feadback To Operator Action What type of feedback does the operator
recelve after a controt action?

Procedure Raquirad 1s & procedurs required? type of procadure?

Procedure Applicability To Does the procedure apply to the action or

Action/Situation shuation?

Procadure Cheality Is the procedure perceived as accurate and
complete? [s the procedure understandable
and easily followed?

Procedure FamillarsUnderstood Asa statf familiar with the procedure? Do they
understand the procedura?

Pracedure Practiced Is the procedure used routinely or practiced in
ametgency drills?

Clothing Required What spacial clothing is required? Does il
jmpair the albiity to perform the task?

Tools Requirsd What special fools are required? Are they
avalabla?

Work Place Design Does the workplace hinder the abllity 1o
periom the task?

Typs Of Human-Maching Inter{face What device, machine, or computer hardware
is used in parforming the lagk, and what are
the intarfacas?

Quality (f Human-Machine Interface Are basic ergonomic standards met?
Characterize the gualty of the interface. |

Local Versus Remote Control Is the actfon performed at a revmate location or
locally {at the patient)

Tasks Dynamic Aspacts I the task performed concurrently with other
tasks or Is £ performed Independently, step by
step?

Task Dependency Does the comect performance of this task
depend on the psrformance of another task?
On other individuals?

Safety Culture Do the cultural nosms of the crganization
affect the sale performance of tasks?

| Environment Temperature, radiation level, efc.







A.7. Brachytherapy Risk Assessment Program Plan
W. J. Galyean, 5. D. Movack

Risk assessment is a tool designed to aid
decision makers in dw face of uncenainty, In
the case of brachytherapy treatment, risk
assessment can be used to address a variety of
issues, including the overall risk 1o the public
associated with porential accidents during the
treaumerd process, the safety level of a specific
treatment process, and the rizk significance of
past events. This paper describes the process
proposed to develop and validate risk models
for brachytherapy treatment; it includes work
to develop simple generic models (o assess
overall rigsk) and facility-specific models
{(aimed at supporting the development of the
generic model and generating decailed risk
managenent insights for a specific

Facility/process).

Two technical objectives must be achieved
e ensure project suecess.  First, the generic
madel must be able o accommodate the wide
range of machines, modalities (i.e.,
prescripiions and targer organs), and facilitics
in use or contemplated for near-term use. A
functionally based generic event 1iree
idemifying the sequential phases involved in
the treatment is propossd. (Facility-specific
fault trees or other supponting modelz for the
event tree top events, can be used to 1ailor the
generic event (ree o specific applications.)
Second. both generic and facility-specific
analyses must ke performed in the face of
sparse data suitable for estmating ermor TAKS.
A number of approaches 0 maximize the use
of available information (including expen
elicitation 1echniques) will be empioyed.

A.7.1 Generic Model
Development

Process Familarization

The purpose of the generic moedeling task is
o develop a model thar reasenably represents
2 wide range of machines;, Ireatment
modalities, and Facilities. Thiz subiask gathers
the information needed to develop the generic
model. It includes a formal review of past
brachytherapy misadministration evenis to
identify key tasks, functions, and safety

bamriers. Because the risk associated with
events not yet observed might be imponant,
the subwask also involves: i) interviews with
experts to identify important sources of
facility-wo-facillty wvariability., ii) the
identification of key facilities from which
additional information on their specific
procasses for administering brachytherapy
trealments ¢an be gathered, and iii) the
collection of information from these facilities.
{In principle, it is desirzble 1o select thesa
facilities osing a carefully designed sampling
plan; in practice, facility access by the analysis
feam may b2 an overriding constraint,
Nevertheless, to ensure completeness in the
analysis, it is important 1o select as diverse a set
of facilities as possible.} This work will build
upon previous misadministration event
investigation work and analyses performed by
the INEL for the NRC,

Develop Event Tree Model

The generic model will use the graphical
event tree method because of its scrutability
and facility in presenting information.' The
event Iree organizes the progression of
possible failure events in the treatment in a
chronological fashion with the failures
grouped by phases of the medical process.
Each failure¢ scenaric is then ¢lagsified
according to the expected severity of the
resulting misadmivistration. In the present
version of the event tree, thizs classification

a. Unlike more literal Monte Carlo evemt
simulation models, the event tree model strocire and,
therefore, the risk-0ominant scenarios, are readily
apparent to the analyst. Monte Carlo simulation is,
in geperal, a more flexible modeling approach.
Howevee, this flexibility is ofien nol needed unless
complex, dynamic interaclions among processes must
be explicidly represented. Of cowrse, Monte Carlo
simulation technigues ar¢ ¢ommonly used to
propagate uncertainties theough an event e, such a
use does not affect the essential discrete character of
the event ree.
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takes the form of three adverse consequence
categories, namely High, Moderate, and Low.
A draft event tree was completed as pan of this
reporl (see arcachmeant). 1t is expected that the
development of the final generic event tree will
be an iterative process since the model must
adequately represent evenis amkl Facilities
characterized in the familiarization subtask.

Data Development

Data for model quantification (i.e., failure
rate infermation) will be difficult to obtain and
likely will m# be based on extensive operating
experience.  Although failure information on
migadministralions is available from the AEQD
database, il provides only the failures and not
the nuwnber of opportunities for failure (i.c.,
the denominator needed to calculate raes). In
addition, for the level of detail needed in the
present analysis, the data are likely too sparse
to suppert high confidence in the resulis.
Hence, the approach propesed here utilizes a
combination of the historical data and expert
opinion 10 maximize the utilization of
available resources.

Review AEOD Database

Now that a draft event tree hags been
developed providing a taxonomy, the available
data from the AEOTD) database can be reviewed
in a structured manner. This review will collect
all the brachytherapy mtisadministrations and
segregaie ehem into groups comespomding o
the events appearing on the event tree. This
will have rwo purposes. First, the review of the
data will provide a check of the event tree
model ensuring as much as possible that ihe
model indeed represents the reality of the
treatment process and includes the errors that
are likely e ogccur.  Secomd, grouping the
available data by event ir¢e heading wrill
generate 3 frequency histogram that can be
used to provide initial prioritization and input
to the expen elicitation process (see below).
Because the data are relatively scarce and
information on the number of treaimencs
given is not readily available (efforts will be
made to obtain this information}, quantitative
faflure rate estimates will be quite uncertain.
Relative [requencies will therefore be
employed in the initial phases of the analysis
1o focug subsequent efforis amnd o reduce the
uncenainty in the quantitative frequencies.
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Expert Elicitation

To supplement the expericnce data {i¢., o
deal with as yet unobserved but potentially
significant events), an expert elicitation process
will be uwsed. To ensure a high guality
licitation, a two-step, well defined process is
poposed. The first step will prioritize the
identified misadministration scenarios using a
pair-wise ranking scheme, {(Note that this siep
can use the relative frequency information
generated from the AEQOD database as either
an initial input to the experts, as a check on the
results, or both.} The expert panel will consist
of Radiation Oncologisis and Medical
Physicists (in¢cluding Radiation Safety
(Mficers). Disparities betwesn thess values anxd
the results from the AEOD database amd
medel prediction will be investigated amd
resolved. For example, the misadministration
events in the AEQD database might be re-
examined (0 ensure they are correctly
characterized. In addition, several events will
be reviewed with the expert panel to verify
these types of scenarios were considered when
they Formulated their opinlons.

Although a relative ranking of possible
misadministration scenarios can be useful for
identifying where w allocate future resouwrces
and for ¢veluating the applicability of cament
nles and regulations, it cannot be used for
detemmining conformance with safety goals or
for performing cost/benefit analyses. Hence,
the second step of the expert elicitation will be
the estimation of absolute failure probabilities
and frequencies for the individual failure
evends, This will wtilize the resultz produced
previousty from the AEOD database and the
pair-wise ranking. However, this time the
cxperts will be asked to estimate the frequency
of buman errors and/or equipment failures
{¢.g., the chance of an error or failure might
be once in a thousand treatments). We will
also elicit estimates from the experds on the
extent of their experience. For example, how
many trcatments have they participated in, how
many treatments have been perfermed ac their
facility? This information will then be used to
quantify the impact of their opinicns through
a Bayesian updale process.




A.7.2 Analysis

Quantify Generic Model

Cnce all failure rates and other model
parameters are esiimated, the model will be
quantified 0 provide boith relative and
quantitative values for the generic event (ree.
This information will be used to guide the
remaining tasks. Specifically, comparing risks
of brachytherapy treatments to the risk posad
by other medical procedures {obtaingd from
the open literatare) and various "safety goals”
(such as has been suggesied for the
commercial nuclear power industry, and in use
in other countries); evalvating the coverage of
current roles and regulations; and performing
costfbenefit analyses o caloulate the value of
possible risk reduction strategies, This last
item will be conduected through the application
of the generic models o a treatment at a
specific facility.

Facility Specliic Analysas

This task achieves three goals. First, it
provides a means tp formally validate the
generic model produced previously. Second,
it facilitates the cost/benefit evaluation of any
proposed process changes andfor changes in
regulations relevant 1o a selected Ffacility.
Third, it provides imporant application lgssons
that will assist futare facility specific analyses.

This task starts with the generic event tree
developed and quantified previously, and
tailors it to assess the risk associated with a
specific treatment at a specific facility, This
will likely take the form of expanding the
evaluation of the event tree events by
developing specific and detailed fault trees,
which i fum will be quantified by a detaile=d
human reliability analyzis (for the haman
errors) and any available hardware data
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gupplemented by enginecering judgment.
Alternate modeling approaches (e.g., direct
simulation) will be investigated if necessary. If
the basic structure of the generic event free is
not applicable (o the specific application being
examined, the generic event tree will be
modified 10 make it consistent. Results from
the facility-specific analyses will be factored
inte the generic model to refine its structure
and to help define ranges of possible failurs
tates for each of the gemeric failure even(s.
This process {i.c., performing facility-specific
analyses)y will be repeated as many times as is
felt pecessary (o prodduce an industry-wide
genenic event tree (with associated failure rate
pmbability distributions) that can be wsed for
evaluating the coverage and adequacy of rules
and mzgulation.

A.7.3 Compare Risk Results
to Regulations

Using the results of both the generic event
tree evaluation as well as (ke specific
applications, cumrent rules and regulations will
be reviewed 10 determine their efficacy and
efficiency. The prioritized listing of potential
misadministration scenarios from the generic
model will be compared to the current rules
and regulations. The rules and regulations
that address petential errors and failurgs in
each scenario will be identified in a matrix
along with an evaluation of their adequacy
{i.e., qualitatively e¢valuake coverage or
completeness).  Possible approaches for
redressing any perceived deficiencies will be
discussed with the NRC PM. (Quantitative
evaluations of any changes to the treatment
process or regulations can only be measored
by costtbenefit analyses, These would require
the use of the treatment-specific muodsls
developed by this study.
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A.8. PRINCIPLES OF BRACHYTHERAPY QUALITY
ASSURANCE

Glenn P. Glaagow, Ph.D.

A.8.1 Introduction

Q! QA! QCT QM! TOM! We all recognize
the meanings of each term in this queve of Q
terms and realize there is no escape from the
ingidious Q lexicon. So, the auwthor asks the
readers forbearance as we again nse the Q
word in Principles of Brachytherapy Quality
Asgurance, with the emphasis on principles and
applied w conventional low dose rate
manually (not remoite} performed
brachytherapy using therapeutic radioactive
materials (TRAM).

Recent references (Williamson 1991,
Kutcher 1994) offer comprehensive reviews
on these topics and it is difficult ¢o find ideas
or topics not previouwsly discussed.
Nevertheless, the author offers the following
materials, divided into two categories: Quality
assurance of the producis (TRAM and
ancillary equipment) and qualicy assarance of
the processes (medical amd radiation conirol
protocols, planning, source localization, dose
distribution data, and freatment
documentation) of use of TRAM in patients.
A prior Proceedings (Glasgow 1990a)
emphagized features of a radiation control
program for brachytherapy.

It iz necessary to distinguish gquality
assurance (QA) from quality management
(QM). Task Group 40 (Kutcher 1994) reports
the widely accepted definition of QA as "All
those planned or systematic actions necessary
to provide adequate confidence that a product
or service will satisfy given requirements for
quality." A documented QA program in
brachytherapy is good practice, wseful for
Joink Commission on Accreditation Healthcare
Qrganization site visits, bmt it is pot a legal
requirement of any agency.  Quality
management, as used here, refers specifically
to the United States Nueclear Regulatory
Commission (NRC) recent regulatory QM
program (NRC 1991) and iz a license
requirement for those federal hospitals and
non-agreement state  hospitals using by-
product TRAM under NRC megulatory conirol.
Agreement state have three years from January

A-§1

27, 1992 to agree to adopt a QM program,
Some features of a good practice QA program
are legally required im the NRC's QM

PrOgram.

A.8.2 Quality Assurance of
the Product: Conventional
Low Dase Rate Therapeutic
Radioactive Materials And
Anclllary Equipment

Radionuclides And Their Physical
Properties

Eleven eadionwclides (Ra-226, Rn-222, Co-
60, Cs-137, Au-198, Ta-132, Ir-192, I-125,
Pd-103, 3r-90, and Ru-106) are considered
conventional; they have, at some time, been
uged exensively in brachytherapy. The use of
Ra-226 and Rn-222 has been all but
abandoned in the United States; Co-60 use
generally is confined to eye plaque therapy:
Ir-192 has replaced Ta-182 as an interstitial
source; and Ru-106, used in Europe for eye
plaque therapy, has found little use im the
United States. Au-198 is used for interstitial
seed implants at a few facilities. Many facilities
possess a permanent inventory of 5r-90 eye
plaques amd Cs-137 tubes for gynecalogic
brachytherapy, order Ir-i92 seeds for
temporary interstitial use, and order I-125
seeds for eve plagues, permanent, or even
temporary implanis. Pd-103 seeds, the most
recently approved NRC by-product source, are
used for impiants and eye plaques,
The physical properties of these radionuclides
are well known (Glasgow 1992b) and are
presenied elsewhere in these Proceedings.

Radlonuclides Source Inventories

a) Permanent Sources

CQuality assurance of the main product, the
radioactive sources, beging with the simple task
of establishing and maintaining an master
inventory of the sources that a facility already
possesses.  This master inventory should
include as complete a description as possible
of known source parameters. The
manpfacturer's name,, the source model type
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and model number, chemical configuration of
the radionuclide and its physical state (e.g. Cs-
137 resin in microspheres), the physical
dimensions (physical length, active length,
outer diameter, inner diameter, wall thickmess?
of any encapsulating materials, including
capsules end welds or plugs, date of purchase,
certificate of activity or other equivalent
statement of strength, individual seurce
identiflcation numbers and/or color codes, and
any other pertinent infotmation, such as
storage locarion. As permanent sources likely
have a longer useinl life at a facility than a
physicist, this master inventory must b2 a
permanent file readily available to any
physicist assuming the facility's responsibility
for these sources.

b) Temporary Sources

The daia needed for the sources in a
temporary inventory is no different fvm that
for the sources in the permanent inventory,
except the actual number of these sources
present at any tinve varies, as well as their exact
location. A quanerly inventory of both
permanent and temporary sources is a long
standing regulatory requirement {(NRC 1991,

Saurce Contral

8) Facilitios

As the concemed parent must know the
whereabouis of their small children at all times,
the physicist must always know the physical
locations of all radioactive sources in their
facility. And, like a parent, we have oue
moments of iemporary panic when we believe
our suall sources are missing,

Control of permanent or previously
purchased temporary sources begins with
knowing where they are stored. Facilities,
equipment, and techniques for the storage,
preparation, vse, and disposal of TRAM are
liigle changed from prior descriptions
(Broadbent 1984). The locked source room
should be wall lighted, have wall mounted
pegboard o hold forceps and other tools, and
have colered surfaces that allow easy
identification of a dropped seed. Amn area
radiation monitor with both  visible and
audible alarms, set to trip at a preselected
exposure rate, is an excellent protective tool
that will alert personnel to the presence of an
unshielded source. While it may have to be
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defeated during some source preparation
procedures, it must be retumed to service at
the end of all source preparations. A Geiger-
Mueller counter must always be available in
the source room for use in locating sources,
for surveys of all trash that leaves the room,
and for determining if any catheters emoved
from patients still contain seeds. Radiation
sirveys within the spurce room and around the
souice tonm are required at the frequencies
specified im the license, uswally not less than
quartarly and possibly as often as weekly. A
standard survey form that clearly identifies the
physical locaiion at which each exposure raie
is measured should be wsed, aleng with the
proper identification of the survey instmment,

Generally, the permanent inventory of
spurces are stored in a dedicated storage safe
with individual drawers for sonece of each type
designed 10 keep sunface exppsure rates o less
than 20 mSv/m (2 mR/), Al safe drawers
must be cleady labeled as to content and
arangement of TRAM within the drawers,
Temporaty sources, such as Ir-192 seeds,
nsuakly are stored in their shipping containers
or other lead containers are stored i a lead
brick well or cave in the source room. To
peevent the loss of dropped seeds. all small
openings in the room should be covered with
tape of other material. A lead block with a
leaded glass window is commonly used to
shield those preparing sources. Sources are
manipulated from behind the bock using long
handled (3" to 127) forceps. A lighted
magnification lens is useful for close work,
such as ldentifying source serial aumbers.

b} Visual Systems

A visible inventory contred board similar in
arrangement to the safe and ks drawers, with
different colored markers corresponding to
different types and for activities of sources, is a
useful ool to keep track of the removal/retum
of sources 10 the safe. Each time a source is
removed/retermed 1o the safe, a corresponding
colored marker is removed/renurned from the
inventory control board. Removed markers
can be used 1o indicaie which sources are in
specific patients.

¢} Purchase
Control of temporary sources begins with
their purchase. Standard order forms should




be prepared for each radionuclide source
commonly ordered, with appropriate
statements regarding type, form, activity or
strength per seed, seed spacing or strength,
total acrivity, total opits (seeds. ribbons)
ordered, necessary accessories, and other
information. A log book or electromic record
system in the source room should record
receipt, calibration, wse, and disposal of all
purchased sources. The log should include
sequential numbered entries (2-'94; ie.,
second order of '94) identifying invoice
number, type of TRAM, baich or lot numbers,
physical forms and amounts (nvmber of seeds,
number of ribbons, and their activities or
sirengiths}. In addition to the calibration
(discussed later) of the TRAM. a qualitative
inspection of the order is required to confimn
that it is the material ordered and that it is
appropriately configurad.

a) Use Aecords

The use logbook records the flow of the
TRAM from the source room to the patient's
room or other administration area and its
retum.  Using a sequence entry number to
track the use of orders, a suggested use record
would incluede: the patient's name and
identifying hospital number; the radiation
oncologist and resident; the activity or strength
of the sources at the time of administration;
the physical ferm {number of ribbons, seeds)
removed from the source rmoom; time, date, and
person removing the sources; physical form of
sources returned to the Ssource room
immediately after adminisication (those
planned for nse, but not used); the physical
form am] activity or strength of the sources
actually msed in the patient: physical form,
nutber, and activity or strength of the sources
returned 0 the source room at the end of
therapy; and  date, time, and individual
returning the sources. Careful physical
counting of ihe scurces removed from the
roem, not used and returmed, and used and
retumed obviously is required. The cardinal
ritle of counting: Never delay the count of
yources. Count them when removed from the
patient and count them again immediately
when retumed (0 the source room.

&)  Trangport

Numergus devices are available for
transporting sources from (he storage ropm o

Principles Of Brachytherapy Quality Assurance

the administration room. Surface exposure
rale on transpon devices generally should be
less than (00 mSv/h (10 mR/h).
Multicompartmental transport devices allow
one to keep track of different types, colored
coded sources, or sources of different activities
of TRAM used in a single patient. A ranspor
record should accompany the transport device
to identify the sources while in transpor.
Diagrams of the physical armangemeni of
TRAM in the iranzpori container eliminates
possible confusion tham can occur in the
patient’s room when the TRAM is ansferred
to the physician suthorized user for placement
in the patient. A similar diagram snd transport
record is required for the transport of the
sources back 10 the source room.

f) Disposal

At disposal, regroup sources using the
original entry number, placing all used sources
from a given order back imko the original
shipping containers if possible, The disposal
record shoukd identify the sources by the
sequence entry number and invoice number,
ihe physical form (number of ribbons, seeds)
in the container, the number of days held and
the decayed activity, and the method of
disposal (usually retumn to verwlor). Sources
intended for the radioactive waste disposal sitez
generally are turned over to the radiation
safety officer who keeps final records and
prepares the source for proper shipping and
dispozat a1 these sites.

Source Actlvity

a) Permanent Sources

A prior speaker, and Task Group 40
(Kutcher 1994), have addressed the
methodologies of the assignment of a ¢linical
nomerical value (activity, air kerma strength)
10 a specific radioactive source or a source
from a batch of sowrges. To eliminags
redundancy we foces on application of these
recommendations rather than the
recommendations themselves,

For permanent inventory sources ( Cs-137
tubes and needles; Sr-9C plaques) it is
necessary to know the histery o the clinical
numerical values assisned to the sources.
Ofien such sources are several years old, and
while the assigned c¢linical numerical values
may have been carefully decayed for several
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years, the knowledge of the selection of the
original clinical numerical values (most likely,
their activities) may not be clear. A
departmental statement of the corrent clinical
numerical values (usvally obtained by
decaying the original assigned c¢linical
numerical values) of a radicactive source must
have attached 10 it a synopsis of the how and
when thase original, clinical, numerical values
were assigned. If changes occurred over the
years {¢.g., chanpes in the half-life used in the
decay calculation} these changes should be
carefully noted on the currsnt departmental
statement of the climical numerical values.
There should be nc ambiguity in the
knowledge of the current assigned clinical
mumerical values. Momover, there should be a
clear departmental policy on  the frequency
{monthly, quarterly, semi-annually, or
annually} and half-lives used for decaying
the clinical numerical values. When a cument
clinical numerical valwe is calculated (often by
decaying the prior assigned value ), one
should check that the caleulated value is
consistent by decaying the original assigned
value, accounting for any documented
changes in methodology over time.

b} Temporary Sources

For ordered emporary TRAM, there shouold
be a clear methodology, consistenily applied,
for the adoption of the clinical cuwmerical
value, One must not adopt a cenificate value
for one order, a dose calibrator value for the
next order, or wse the average of the two for
the third order. Task Group 40 (Kuicher
1994y allows the adoption of either the
centificate value or ehe institution's measured
value if they agree to within 3%: however, ons
must be consistent in the choice. (N.BE. In the
case of agreement, 1 personally prefer the
adoption of the cenificate value even if one
has direct traceability to an Accredited
Dosimetry Calibration Laboratory and a
redundant dosimeter sysiem per TG 40. 1
presume the manufacturer has a better, more
consistent calibration method than 1 do.)
Unforiunately, many facilities stll 4o not have
even the two component (dose calibrator plus
gither one long lived radioactive source or tw
manufaciprer's source cerfificate) edundani
brachytherapy dosimetry  system
recommensed i the TG 40 Report. Purchase
of a dose¢ calibrator for brachytherapy quality
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assurnce is strongly recommended, as the cost
of these instruments has decreased markedfy
n recent years. For those facilities that do have
dose calibrators, the quality assumnce program
for dose calibrators outlined in the TG 40
repart is essential.

Source Physical integrity

There are three critical tasks required to
confirm the integrity of a radicactive source:
(I} performing leak tests to confirm that the
source is intact acwd is ot releasing radioactive
material, (2} confimming that the spatial
distribution of the radioactive material inside
any ¢ncapsulated  source is correct and
remaing unaltered as the sonrce is used, and
{3) determining that the scurce has the activity
or strength assigned at the #me of use. The
first task is reasonably simple; the second and
third less 0.

a) Loak Tasts

For encapsutated scurces in the permanent
inventory (Cs-137, Sr-90) semi-annuat leak
tesis usually are a legal requirement by license
vnless the facility's license authorizes a
different leak test frequancy. Moreover, the
leak test methodology (using facitity leak-
testing equipment, properdy calibrated or using
a commercial firm whose license must be on
file in the facilityy must be incloded in the
license application and subsequently followed.
DeLuca's {DeLuca 1984) remarks on in-house
facility leak-tests are an excellent introduction
to the topic. Generally, unused [-125 sources
held in inventory for less than 6 months do
not legally require a leak-test; however, if held
for over six months they must be leak tested.
If 1-125 seeds are used as a temporary source,
and potentially vsed more than once for
multiple patiems, the scurces should be leaked
tested before sach use, These 1-125 seeds can
rupture if handled impropetly, Ir-192 seeds
are not considered encapsulated andd need not
be leak-tested uRder current NRC regulations
({NRC 1990).

b) Autoradlographs

For permanent sources, such as Cs-137
tubes, one should koow the radiation
distributicnt around fhe source is that intended
by the manufacturer and, once kmown, it
should be monitored for changes.
Determination of ihe absolute dose




distribution for brachytherapy sources
generally is a diffienly project; nevertheless,
numerous repants document the dosimetry for
sources of specific design. MosL users trust
and use published iiterarure dafa, either
measured or calculated, rather than perform
their own specific mode] source dosimetry. A
simpler task is 0 determine that a batch of
sources of the same design have the same
linear actvities, realizing that the aceivities for
the individual scurces is not identical, but
varies within the repoerted standard deviation of
the batch, A simple test uses both radiography
and swtoradiography, Design a large sheet of
plastic with grooves or other indemations on
the top to hold all, if possible, sources of a
specific design; the device should have a
means of holding a film below the sources
without air gape between the film and the
source hokder. The sources must be spaced far
enough apart o avoid cross iradiation. At the
simulator, obeain a radiograph of the souwrces
with a simultateous autoradiograph. Some
experimentation with 2 single spurce before
hand should be done in order > determine
proper radiography and autoradtography
techniques, Thig film c¢an be scanned on a
densitometer, to determine isodensity profiles
away and along the sources. With proper
normalization of the optical density 10 the
center of cach sources, one can uantitatively
compare the profiles to determine if the
sources match. Once baseline data is obtained,
this same project ¢an be repeated annually to
detesmaine if any changes the radioactive
material matrix within each source has
changed. Similar devices can be constructed
for tasting amays of Ir-192 zeeds in ribbons in
order to determine if the seed spacing is
correct; usually only sutoradiography is
performed for such tests, Such test will quickly
identify a ¢old seed that could be overlooked
by using a dose calibrator 10 monitoring a
ribbon for total activity.

¢) Dose Calibrators

As this topic is presentad elsewhers in these
Proceedings, we only note that 3 dose
calibrator ¢an be used to confirm, gver time,
that permanent sources arg decaying cormectly,
and that ordered temporary sources, either
individual seeds or nibbon seed amrays, satisfy
siated source certificate values. Consistent
precedures and technigues are required,
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however, in using a dose calibrator. Source
positioning within the calibrator is critical. For
testing the relative strength of seeds, a simple
collimator system with 1" x 1" Nal scintillation
crysial may be designed (Ling 1981), used
propetly, it can be used to test for both relative
source activity and identify emrors in seed
spacing.

Applicators

Applicators used in bracytherapy are
subject to two major procedures thal can alter
applicator integrity: Repeated cleaning and
sterilizatipns, and repeated insertiong into
patients., The applicator quality assurance
program begins with the receipt into the
department of any type {gynecologic
applicator, seed placement guns, interstitial
needles, etc. ) of new unused applicator, It is
essential to detenmine, by visual inspection and
ofien radiographs, the features and
performance characteristics of the applicator
before it is used, and 1o determine that it meets
stated design standards. For gynecologic
applicators one determines that the applicator
assembly is structurally sound and welds anc
properly formed, that source insert carriers
seat gorrectly in the colpostats, and that all
clamps, screws, and retaining devices function
properly. Basellne radiographs of the
applicator with and without sources im the
applicator should be performed 1 deiermine
that internal shields are properly Iocated and
that the source carriers seats correctly. If a
department has applicators of different
designs, some without internal shields and
some without, they should be clearly marked
in some manner lest confusion arise regacding
their use. Several radiographs made from
multiple views may be required to see all
interna) features of the applicaior assembily.
Radiographic film techniques used must be
carefully recorded o that subsequent quality
assurance radiographs of the same applicators
carn be compared 1o the originals.

For intersiitial applicators using stainless
steel needles, check all needles for strength
and straightness. Pay attention to the type of
npeedle end as some needles have, by design,
different degrees of sharpness (ie. blunt, 300
slant, 450 slant) for different applications.
Needles with different tips taust be separated
by type on any prepared surgical tray and
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clearly marked s0 the different types are
distinguishable. For plastic needles, make
certain that the tips are intact and cannot
scparate from the needle body, Seed guns
must be checked for proper function to
determine if they deposit seeds at the specified
spacing: usually this is don: hy performing an
implant with dummy seeds in super-flab or
similar translucent material,

The intent of any of thess procedures is o
determine if applicators of all types function
properly s¢ that subsequent deviations in
features or performance can readily be
identificd. Repeated cleaning of applicalors
can cause damage. Most plastics are not
compatible with steam sterilizing, particularly,
"flashing”. Sterilization of nylon matertals by
ethylene oxide gas is the preferred methed.
However, plastic components of applicators or
plastic applicaiors amd neadles experience
small deformations from repesied gas
sterilizations. Liquid disinfectants and cold
sterilizing soludons can be corrosive 10 the
silver brazing used 10 assemble some metal
applicators. Where brazed, metal components
should be mannally tested to ensure the brazed
Joint is not loose. Visually inspect the joints
for hair line cracks. For brazed tubes, such as
ovoids brazed 1o handles, immerse the gint in
water and blow air into the wbe and watch for
air bubbles that would indicate 2 failing brazed
joini. Needle poimts become dull from
repeated ingertions; if resharpened, care musgt
be taken to retain the original angle of cut on
the needles,

A_8.3 Quality Assurance Of
The Process Of The Use Of
The Products

Protacols

The use of TRAM requires forethought,
and that forzthought is best summarized in
protocols. We consider here departmenial
protocols for use, protocols for sowrce control
in preparation and transportation of TRAM,
protocols for patient control while the TRAM
is in the patient, nursing service protocols, and
the protecol for quality management,

a)  Departmenial Use

We 1efer here not 10 a medical protogoel;
rather, 10 a4 protocol for the specific uses of
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TRAM in a facility. The intent is to identify all
features for the proper use of TRAM so that
incidents that result from the improper use of
TRAM ate avoided. This protocol, with mary
component parts, may require the approval of
the Radiation Safety Committee. While the
components of such a2 pretocel will vary
among facilities, it showld address at 1east three
concerns regarding the use of TRAM: What,
where, and who! The protocel should identify
for wse in the Facility the available
radionuclides and their physical form: new
radipnuclides showtd be added to the protocol
after details of their use have been developed.
it should identify where (operating rcoms.
patient rooms, deparimental examination
rooms, diagnostic x-ray rooms, the simulator,
etc.) in the facitity specific radiomuclides may
be used. Are you allowed w kot load TRAM
in the operating room? Can you really place 2
surface mold on a patiert’s hand and have
them set all day in a deparmmenial waiting
mom or mest they be admitted to a private
room? Having established this protocol will
prevent incidences that are sure 10 arise when
physiciang wants tv use TRAM in locations
normally not allowed, The protocol should
identify authorized wsers and their designates.
The authorized users for huinans are our
physician colleagees and heir duties are
clearly identified in NRC regulations (NRC
1990). Designates (M. B. my term, not the
NR(C's) refers 10 the supporting medical staff
{physicists, dosimetrist, radiation therapists,
nurses) all of whom have a degignared role in
the medical procedure with TRAM. In some
facilitics, those who prepare and transpon the
radioactive materials must be approved for its
non-human uwse by the Radiation Safety
Committee. A clear definition of individual
roles and respongibilities facilitates training
and avoids difficulties.

b} Source Conirol

The previous discussion about sonrce
control should exist as a component of the
TRAM protocol. This component describes
the preparation of TRAM of different types,
describes the inventory control methods,
describes cthat  allowed methods of
transportation, establishes a procedure, with
acknowledging gignatures, for transferwing the
TRAM to the physician authorized user for
insertion imtp the patlent, and a similar




procedure for the removal of the TRAM from
the patient and retum to the source room.
This purpasg is t0 make certain that the
coreectly prescribed TRAM is given to the
physician authorized wser, and that the same
recognizes it, and acknowledges and concurs
that it is the material desired for the planned
procedure.

&) Patlent Control

This protocol address afl of the features of a
radiation comtrol programt required once the
TRAM is in the patient. Components of such
a program are describad in a prior
Procesdings (Glasgow 199Ca).  Whole the
forms wsed for such patierd conirol programs
are ynigue o each faciliny, they generally have
the following components. A Nursing
Information form, kept at the nursing desks,
identifies the pertinent information about the
source, itz insertion time and planhed removal
time, identifies emergency telephone numbers,
and contains primary instructions regarding
radiation control procedures. Door room
posting forms include a necessary "Caution:
Radiation Materials® sign and other
instmctions to perscrnel and visitors (N.B. We
now use English-Spanizh-Polish multilingval
instructions}, a room diagram with location
exposure rates and working dmes, and mirsing
mstructions specific to the patient care for the
type of TRAM in the patient, The laer form
includes instractions on the use of bed shields,
patient ¢are, housekeeping personnel and
visitor time limits, and emergency medical
instructions,

d} Nursing Service Frotocol

Most Nursing Services will have a nursing
procedures manual that will address questions
such as the giving of daily baths, obtaining
vital signs, and related nursing concemns.
These issues must be addressed for each type
of TRAM procedure allowed in a facility. For
example, nursing patient cars procedures for a
prostate 1-125 implant patients are different
that those for a gynecologlc implant patient,
Details of patient care rmust be addressed m
these Nursing Service protocols; thers may be
significam overlap with components of the
Patient Control protecol,
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%l The Quality Managemaeni

rogram

The NRC's Quality Management Program
(NRC 1991} requires a set of written
procedures addressing each item in the QM
rule. Specifically, a written directive must
identify the radioisotope, number of source,
source strength, and che anatomic site, total
prescribed dose (at dose prescriplions points
or distanees to the sowrces or specific
anatomy} and rominal dvration of therapy.
Twe-way patient idendification confirms the
brachytherapy patient's identification by
comparigon with a photograph, birth date,
addresses, social secwrity or hospital
identification numbers, or identifying data on
the patient's ID bracelet. Treamaent plan
compliance with the written directive consists
of verifying the identification of the
radipnuclide, sousce ackivity or other related
parameter, the number of sources, the sources
relative spatial configerations, sequence
arrangements, and nominal duration of wse.
Verification of the spatial dose distribution for
the plan of therapy should be obtained by
having a second k¥nowledgeabls individual
document by signature that the resulting
spatial dose distrihution is comect. A record
of therapy, documenting the components of
the treatment plan, should be generated before
temporary sources are removed from the
pattent and For permanent implants, before the
patient is released from ¢he hosgpital.
Radiographs of non-radioactve sources for
temportary implant should be used 0 verify
SOUFCe positions relative to target volumes in
anatomic sites. Primary dose calculations -
should be cross-checked by a second
individual befors temporary sources are
removed, or, for permanent implanis, before
the patient is released,

Planning The Use Of Tram

Specific methods of planning Sreatments
with TRAM are presented elsewhere in these
Proceedings; here, we review the most baslc of
principles in the planning process. These
principles are used in planning forms for
general categorics of implanis based on
anatomic site (gymecologic. interstitial, etc.)
These forms are designed to facilitate the
sharing of information between the physician
and others who will have a role in the implant
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process, and to gather more information than "
I'm going to implant Mrs. Jones next
Tuesday".

a) Planning Forms

The first section of the form collects patient
information (pame, medical recond, proposed
date of implant) and physician information
{avthorized user physician, resident, refeming
physician). The second section collacts data
on the diagnosis and, very importantty, prior
external beam treatmtents and  prior
brachytherapy treatments, The third seckion of
the form addresses the known information
about the anatomic area and a voleme estimate
of the tumor and 4 volume estimate of the
target, and allows arcas 1o skeich both. The
fourth area of the forms asks for information
on the proposed dose and itz method of
prescription, and the limiting doses to adjacent
critical organs. The fifth area of the form lists,
for temporary implants, the current inventory
of sources that could be used for the patient,
and indicates if new sources are to be ordered.
The next area of the form identifies that
equipmant needed to be prepared for the
procedure.

b) Treatmanmt Philosophies

Forms are eazy enough to prepare; but the
real questions in bracytherapy thal require
answers are much more difficult to congrol. Is
the planning (hefore sources are inserted) by
your physicians ad-hoc or systematic? Is there
a clear understanding of the desived spatial
dose distribution to be achieved and the dose
uniformity for that distrbution? Js any system
being followed? Forms vsed to plan cases will
help the physician foeus on thelr plans for that
cage and the physicist can play a vital mle in
agsisting the physicians in developing
consistent methods of brachytherapy in a
facilicy.

Source Locallzation

Normally, the first interaction of the
physicist with the patient occurs during source
localizadon procedures. As methods of source
localization are presented elsewhere in these
Proceedings, we will not repeat them here,
However, quality assurance procedures need o
be developed for source localization.
Generally, the QA imvolves having a QA
program gstablished for the imaging system
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and devices vsed, and having a QA program
established for the isodose computation
computer into which the imaging daia is
erdered and from which the isodose curves are
produced. A simple appmach is 0 have
imbedded in plastic phantoms fixed artays of
seeds or wires that mimic simulated sowvrce
arrangements so that a fixed geometry is
achieved and so the same device can be uged
repeatedly for radiographic tests. Quality
assurance of the isodoss computation system
involves establishing baseline reconstructed
gpatial sovrce arrays from these processed
radiographs and, of course, determining at
specified intervals that the computer continues
to produce the same source array patiems
from the same original films.

Dose Distribution Date

As ofhers are presenting dose distribution
data for radionuclides, we focus only on the
use of such data in the isodose computation
computer. Each type of isodose planning
computer will have a brachytherapy menu.
Often these are separated into sections on
planning with linear sources, seeds, and
possibly moving sources in high dose rare
remote afterloadears,

Generally, a set of files, either as tables or as
analytical functions, for each radlonuclide, are
stored in the computer. These data fles are
used 0 generate the 1sodose curves amund
sources. Quality assurance begins with
developing an ahsolutely clear understanding
of the method of generating these files, and
understanding the compater algorithms for the
use¢ of such files to comstruct the ispdose
curves. In a review (Smith, 1990} of ten
brachytherapy computers seven different
algorithms were used 10 compuier the doses
around brachytherapy sources. Often, the
format of these files is not the format of the
literature data. The user generating the
original files must clearly document the
literature Jatz that is being used w0 generaie
the files. Moreover, there must be a clear
documentation of the basic assumptions used
in the algorithm, regarding Ssource
encapsulation, end effects that produce dose
anisotropy, tissue attcnuation and multiple
scatiering comrections, and cormections for
heterogeneons (hone, alr) medinms. The
computer models can be as simple as a poimt




source in air o a algorithm that accounts for
numerous known processes that change the
dose distribution, There are numerons
possibilities for errors to arise as these files ane
used over time. First, if similar files exist for
e same radionuclide with different filtration
o1 encapsulation, confusion can arise as
which is the correct fiie to be used. Some files
in the compuier may have been provided by
the software manufacturer for demonstration
purposes, but are not intended for actual
patient treatment.  The orging of any such
flles must be clearly understood. Often, if the
spftware manufacturer ARRCUBCES & new
software releage, errorg are intrpduced in
transferring or entering files for the new
release.  Ofien, files are inadvertently
eliminated in this process, and a pew user may
begin planning with an improper file. Swh
files must be mspected after software upgrades,
0T other planned changes in the goftware
program. Computer file reviews may (if the
facilities QM program requires) be included in
the annuwal QM audit. Obviously, in order o
determine if the computer software produces
consistent ispdose distributions, ons must
prepare performance standards. uwsnally by
Iooking at the data produced for a single
source and comparing these computar
generated data o the known dose distribution
dats for a single source. Once such a
comparizon is made, it establishes a baseline
for future comparisons.

Our knowledge of brachytherapy source
dosimetry is much greater today that ip years
past; changing the basic source data file to
represent the best and most recent dara set is
gommon, bot one must carefully document
these changes. Additionally, newer terms
(Williamgon 1993} have been intrpduced to
describe the physics of brachytherapy sources,
while computer software may use older terms
and definitions. Great care must be exercised
as confusion can arise regarding exactly what
is reeant by a pacticular old or pew definition.
One common way to t25t files is to share 2 set
of data with others that have the same
compeeter, and who are wsing the same data
fiteg, to detepmine if the same results are
produced, The computer user groups ofien
promote such projects.
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Troatment Documentation

a) Doss Prescriptions (Wriften

Directives) and Source Removal

Times

One difficulty unique {o brachytherapy has
been the lack of definitive prescriptions prios
to source insertion. Generally, the control of
source placement is not sufficiently accurate
for the physician o say absolutely what dose
can be delivered until films reveal the spatial
distribution of the sources, and the subsequent
isodose patterns. Often, there is more of an
intent of therapy than a prescription. The
recent NRC QM program (NRC 1991)
addresses this problem. A brachytherapy
written directive, prior o implantation, must
identify the radioisotope, number of sources,
and the source strength. After implantation,
but prior 1o the completion of the progedure,
one must add to the written directive the
treatment site. total source strength, and
exposuere fime (or, equivalently, the total dose).
The physicians may alter the intent of
brachytherapy after reviewing the isodose
curves (viz. allowing the sources to be
removed ecarlier or later than originally
intendedd, However, such decisions must be
appear in a writien directive before the sources
are removed. While not a specific requirement
of the QM program, as with all dose
calculations. good practice requires this sousce
removal time calculation must be double-
checked and signed by a second
knowledgeable individual.

A recordable event constitutes performing
brachytherapy without a daily dose record or
written directive, or delivery of a calculated
dose¢ greater than 10% (but nor more than
20%) of the prescribed dose. The more
serions misadministration Constifutes reatment
of the wrong patient, use of the wrong
radioisoiope, implanting the wrong anatomic
stte, using leaking sources, failing to remove
lemporary sources, or allowing a calculated
administrated dos¢ 20% greater than the
prescribed dose,

b) Source Transfers

While previously discussed, we stress again
the imporance of this step in brachyiherapy.
Physicians, as authorized users, bhave the
responsibility to insert the TRAM into the
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patient. Usually, knowledge of what TRAM
has been prepared for this procedure lies with
a designate. It is ¢ssential that there be no
confusion during this imponant stkep, Good
practice requires that the physician should sign
a statement acknowledging the TRAM
prepared 30 that there is not confusion about
the number of sources, their activities, and
other imporiant data. When sources are
remeved from the patient, a similar procedure
should be followed to document that all
sources have been removed and are being
retlumed to the source moom. The patient
survey must be done after the sources are
removed.

c) Documentiation of Traatment

The American Endocurietherapy Society
{Anderson 1991) has prepared sample forms
for docementing patient’s treatments. In
additional to the conventional patient identity
information, and required previously discussed
data required for a written ditective, the forms
callect data on total air kerma strength, stresses
the methodology (films. CT scans. MR scans)
used to determine target volume definitions,
doses of vatious descriptions (prescribed,
treatment, minimum, ete) and dose rates,
recommend methods of estimated volumes
{cylindrical, ellipsoid, spherical} of tissug
treated, doses to special interest points, and
summarizes the differences between the doses
planned and those delivered., While each
facility will have their own formis, it is highly
recommended that the component information
included in these AES forms be included in
the treatment summary Forms of each facility.
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