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Abstract

Purpose: Gamma Knife radiosurgery is a highly precise and accurate treatment
technique for treating brain diseases with low risk of serious error that nevertheless
could potentially be reduced. We applied the AAPM Task Group 100 recommended
failure modes and effects analysis (FMEA) tool to develop a risk-based quality man-
agement program for Gamma Knife radiosurgery.

Methods: A team consisting of medical physicists, radiation oncologists, neurosur-
geons, radiation safety officers, nurses, operating room technologists, and schedulers
at our institution and an external physicist expert on Gamma Knife was formed for
the FMEA study. A process tree and a failure mode table were created for the
Gamma Knife radiosurgery procedures using the Leksell Gamma Knife Perfexion and
4C units. Three scores for the probability of occurrence (O), the severity (S), and the
probability of no detection for failure mode (D) were assigned to each failure mode
by 8 professionals on a scale from 1 to 10. An overall risk priority number (RPN) for
each failure mode was then calculated from the averaged O, S, and D scores. The
coefficient of variation for each O, S, or D score was also calculated. The failure
modes identified were prioritized in terms of both the RPN scores and the severity
scores.

Results: The established process tree for Gamma Knife radiosurgery consists of 10
subprocesses and 53 steps, including a subprocess for frame placement and 11
steps that are directly related to the frame-based nature of the Gamma Knife radio-
surgery. Out of the 86 failure modes identified, 40 Gamma Knife specific failure
modes were caused by the potential for inappropriate use of the radiosurgery head
frame, the imaging fiducial boxes, the Gamma Knife helmets and plugs, the skull def-
inition tools as well as other features of the GammaPlan treatment planning system.
The other 46 failure modes are associated with the registration, imaging, image
transfer, contouring processes that are common for all external beam radiation ther-
apy techniques. The failure modes with the highest hazard scores are related

to imperfect frame adaptor attachment, bad fiducial box assembly, unsecured
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1 | INTRODUCTION

Gamma Knife radiosurgery is a high precision radiation therapy tech-
nique that can be used as an alternative or a complementary to open
surgery for treating various brain disorders.)™ Since the first clinical
use of the Gamma Knife prototype at the Mottala workshop in Swe-
den, almost one million patients have been treated worldwide with
different models of the Gamma Knife machines. Following Lars Lek-
sell's original idea of stereotactic radiosurgery (SRS), linac and proton
beam based SRS procedures for intracranial targets as well as stereo-
tactic body radiotherapy (SBRT) procedures for body tumors were
also developed.

A Gamma Knife radiosurgery procedure requires multidisciplinary
efforts from a neurosurgery team, a radiation oncology team and
other hospital based professionals. Ideally, the procedure should be
performed in a comfortable environment for patient & staff with a
high local control of the primary disease site and minimized radiation
adverse effects to the normal tissue and the critical structures of
consideration. To achieve this goal, continuous development of a
system of reliable medical imaging modalities, accurate radiation
therapy machines and effective treatment protocols is essential. Of
equal importance is the implementation of a quality management
program that ensures a safe and flawless execution of the treatment
at the time of the procedures. Failure modes and effects analysis
(FMEA)® is a method that can be used as an important component
of a comprehensive quality management program.

The FMEA is a reliability study tool for the analysis of the postu-
lated component failures in a system and the resultant effects on
the system operations.” It was initially developed by the US military®
and has been extensively used in a variety of industries and health
care services.” ' The importance of a risk based quality manage-
ment program for radiation therapy has come to the attention of the
medical physics community in recent years owing to two facts. First,
with the technology advances in equipment manufacturing and the
development of various quality assurance protocols, conventional
device specific physics QA measurements can be done with much

higher precision than before. Second, many reported radiation
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plugs/inserts, overlooked target areas, and undetected machine mechanical failure
during the morning QA process.

Conclusions: The implementation of the FMEA approach for Gamma Knife radio-
surgery enabled deeper understanding of the overall process among all professionals
involved in the care of the patient and helped identify potential weaknesses in the
overall process. The results of the present study give us a basis for the development

of a risk based quality management program for Gamma Knife radiosurgery.

FMEA, Gamma Knife, quality assurance, radiosurgery

therapy incidences resulted from incorrect or inappropriate use of
radiation treatment devices due to miscommunication or misunder-
standing rather than device failures. As such, the development of
quality management programs that focuses on the design and execu-
tion of various radiotherapy processes has become a subject of sig-
nificant interest in recent years.2>2° Following the recommendations
from the AAPM task group report No. 100 (TG 100), the implemen-
tation of risk-based quality management for radiation therapy facili-
ties may become a standard practice and a regulatory requirement in
the future.

As the first step toward the development of a risk-based quality
management program for Gamma Knife radiosurgery, we present in
this work a FMEA study on the Gamma Knife radiosurgery process
as performed at our institution following the methodologies
described in the AAPM TG 100 report.

2 | MATERIALS AND METHOD

2.A.1 | Gamma Knife radiosurgery at our institution

More than 600 patients receive single fraction Gamma Knife radio-
surgery treatments on a Leksell Gamma Knife Perfexion and a 4C at
our institution annually. All the patients reported to the treatment
suite at 5.30 a.m and were evaluated in one of the five exam rooms
upon arrival. Each patient was cared for by a dedicated nurse during
the entire treatment process. After the stereotactic coordinate
frames were placed by the neurosurgical team shortly after 6.30 am,
patients were transported to the radiology department for imaging.
Neurosurgical team members supervised the MR, CT, or Angio-
graphic imaging appropriate for the pathology undergoing radio-
surgery. Morning QA of the treatment machines and patient chart
creation was performed by physicists starting at 6.30 a.m. The radio-
surgical planning using GammaPlan workstation took place as soon
as the first set of images was available, usually started by the neuro-
surgical team and joined by the radiation oncology team. Final
approval of the plan and plan export were done by physicists. The
written directive was signed by an authorized surgeon, a radiation
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oncologist, and a medical physicist. The physicists also performed a
secondary dose calculation check. The patients were then put on the
treatment tables and docked into treatment positions. A patient
identification check was performed in the presence of a physician, a
physicist, and a nurse before the beam-on. The first treatment on
each machines usually started around 8.00 a.m. During the treatment
times, a radiation oncologist, a physicist, and a nurse were present in
the close vicinity of each treatment console. Frame removal was per-
formed by the surgical and nursing team immediately after the treat-
ment was finished. Patients were usually discharged within an hour

from the time of frame removal.

2.A.2 | Process tree and failure modes

The FMEA on the Gamma Knife radiosurgery was conducted follow-
ing the methodology of the FMEA on IMRT as described in the
AAPM TG 100 report. A team consisting of medical physicists, radia-
tion oncologists, neurosurgeons, radiation safety officers, nurses, and
schedulers at our institution and an external physicist expert on
Gamma Knife was formed for the FMEA study. A preliminary pro-
cess tree was prepared by the physics group first. Discussions about
the details of each component of the treatment process between
the physicists and other six professional groups were followed. The
process tree was then revised and presented to all team members
for further discussions and revision until a final version was agreed
on.

The failure modes table was generated following the same path.
A template with an initial version of the failure mode table was pre-
pared by the physics group using the Microsoft Excel and distributed
to other professional groups for revision and addition. Some poten-
tial failures could be detected and prevented by the treatment deliv-
ery system and were not included in the failure modes table.
Examples of these failure modes include wrong collimator on the 4C,

wrong Gamma angle on the Perfexion etc.

2.A.3 | Scoring and risk prioritizing

The scoring process involved the medical physicists, two radiation
oncologists, and three neurosurgeons who have been routinely
involved in the Gamma Knife treatments. Three scores for the prob-
ability of occurrence (O), the severity (S), and the probability of no
detection for failure mode (D) were assigned to each failure mode
by each professional on a scale from 1 to 10. The methodology of
the FMEA, the content of the Gamma Knife failure mode table and
the scoring guidelines were discussed in detail before the scoring
process. The guidelines used for the O, S, D scores were exactly the
same as described in the TG 100 report. Averaged O, S, D scores
and an overall risk priority number (RPN) were then calculated for
each failure mode. To analyze the variation of the O, S, D scores
from different scorers, coefficient of variation (defined as the ratio
of standard deviation and mean) for the eight sets of data points
was also calculated for each score.

The identified failure modes were analyzed in term of the RPN
scores and the severity scores for risk prioritizing. The five failure
modes with the highest RPN scores and the five failure modes
with the highest severity scores were sorted out as targets for

improvement.

3 | RESULTS

Figure 1 shows the process tree for Gamma Knife radiosurgery as
performed at our institution. A total of 10 subprocesses and 53
steps were identified for a Gamma Knife procedure starting from the
diagnosis to the post-treatment follow-ups and chart filing. One sub-
process (frame placement) and 11 steps are directly related to the
frame-based nature of Gamma Knife radiosurgery.

The neurosurgery team is essentially involved in all subprocesses
of the process tree at our institution. The presence of the radiation
oncology team during the frame placement and the imaging pro-
cesses is not required. The role of the medical physicists starts from
the treatment preparation subprocess.

Depending on the diagnosis and the location of the disease site,
the course of a Gamma Knife treatment delivery process varies from
patient to patient. On the Perfexion, Gamma angle change may be
needed for some patients. On the 4C, helmet change, plug pattern,
both the APS and the trunnion modes may be used for some
patients. These details of the treatment delivery process were not
documented in the process tree but were considered for the failure
modes analysis.

Listed in Table 1 are the identified failure modes for Gamma
Knife radiosurgery with the potential causes of the failure, the
potential effects on patient/staff, examples of the failure modes and
the steps in the process tree that the failure modes are related to.
Also included in the table are the averaged O, S, D, and RPN scores
for all failure modes. Out of the 86 failure modes identified, 40 fail-
ure modes are GK specific, caused by the potential for inappropriate
use of the radiosurgery head frame, the imaging fiducial boxes, the
GK helmets and plugs, and the GammaPlan treatment planning sys-
tem. The other 46 failure modes are associated with the imaging,
image transfer, image definition, contouring processes that are com-
mon for all external beam radiation therapy techniques.

The majority of the failure modes are not related to the configu-
ration of the treatment device and are common for the Perfexion
and the 4C. Table 2 lists the 10 failure modes that are treatment
machine dependent. Failure modes No. 13 “distorted frame adaptor”
and No. 65 “frame adaptor not attached properly” are related to the
handling of the frame adaptor on the Perfexion. Failure modes No.
59 “unnoticed plugged pattern”, No. 72 “wrong plug pattern”, No. 73
“inserts/plugs not secured”, and No. 82 “poor choice of treatment
sequence” are related to the use of plugs and helmets on the 4C.
Failure modes No. 12 “inappropriate frame placement”, No. 67 “in-
correct patient setup”, No. 68 “patient head position not firmly
fixed”, and No. 78 “treated shots not recorded correctly” are shared
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Fic. 1.

Process tree for Gamma Knife Radiosurgery as performed at our institution. The words after the angled arrows indicate the key

components of the corresponding steps as described after the straight arrows.

by both machines but more commonly seen on the 4C, especially
with the trunnion mode of the 4C.

Figure 2 shows the coefficient of variation for the 8 sets of the
O, S, D scores for each failure mode. The averaged coefficients of
variation for the O, S, D scores of the 86 failure modes are 0.57,
0.52, and 0.66 respectively. The largest coefficients of variation for
the O, S, D scores are 0.74, 0.77, and 0.8 for failure modes No. 13
“distorted frame adaptor”, No. 68 “patient head position not firmly
fixed”, and No. 39 “cannot get needed image sets” respectively. The
smallest coefficients of variation for the O, S, D scores are 0.29,
0.12, and 0.33 for failure modes No. 61 “wrong plan exported”, No.
61 “wrong plan exported”, and No. 1 “incorrect patient ID data”
respectively. The coefficients of variation for the severity scores are
in general smaller than those for the occurrence and the detectabil-
ity scores, indicating better agreement among the observers on the
severity of the identified failure modes.

Table 3 lists the five failure modes with the highest RPN scores.
Failure mode No. 65 “frame adaptor not attached properly” has the
highest RPN of 122.55 and also the highest detectability score of
5.75. The manufacturer Elekta AB (Stockholm, Sweden) had issued a
field notice about the potential problem with the inappropriate use
of the frame adapter on the Perfexion and the high probability of
this failure going undetected.?* Failure mode No. 73 “inserts/plugs
not secured”

is specifically related to the handling of the

plug/helmets on the 4C. Failure modes No. 7 “bad fiducial box
assembly” and No. 38 “inadequate leveling” are imaging related fail-
ures. Failure mode No. 28 “undetected mechanical failure” is a
device specific physics QA issue.

Table 4 gives the 5 failures with the highest severity scores. Fail-
ure mode No. 72 “wrong plug pattern” is related to the inappropriate
use of the plug pattern on the 4C. Failure mode No. 65 “frame adap-
tor not attached properly” is found on both the riskiest and severest
lists and is the primary target of our risk-based quality assurance

program.

4. | DISCUSSION
A single fraction Gamma Knife procedure is designed to be a fast
and efficient radiation delivery process that can be completed (frame
on to frame off) within a few hours. Comparing to other radio-
surgery techniques, the use of the stereotactic head frame for
patient positioning also helps to eliminate many uncertainties at the
imaging, the target delineation, and the treatment setup stages.?2
Seventy six of the 86 failure modes found in this study are inde-
pendent of the Gamma Knife treatment units and are common for
the Perfexion and the 4C. Two failure modes (No. 13 and No. 65)
were found specific for the Perfexion and 4 failure modes (No. 59,



XU ET AL

WILEY

156

(senunuo))

"3U0q [|N¥S 03Ul papIasul
3q M suid 2Jaym 0} USAIS JOU eIsayisaue [0

'ssa204d uouyap asewr ay}
w0l papn|oxa aq 03 Sai|s aSewl ulelad asned Aew
X0q [ednpy ayj Ul ss|qqnq Jly “paziwiul 39 pjnoys

xoq SuiSewi Y|A e ul s3|qqnq Jie ay3 Jo Yyi3us| ay |

'2}9 PaYo)Ms
aJe sa0a1d 3yS1i/3Ja| JO ¥oeq/[ejuoly ‘9soo| ae
SMaJ0s "2'1 ‘A|302140D Pa|qUIasSe Jou S| XOq [ednpy v

‘pa3d04d jJou Ued Juswieal) sy} pue
pay20p aq j0uU UEd juaijed ‘Yonuwi 00} S| UOIIOISIP
2y} §| ‘pasiwoidwod S| Uolje|ndjed 3sop/uoiuysp

a8ew| ayj Jo AdeIndde ay| Pasn S| SWiely PIHOISIP

"9|NPayds 3y} uo Jou S| dYs/ay

Ino spuy Ing dn smoys jusanied ‘jjeis pue juaijed
US9M}3( UOI}EDIUNWILIODSIW B JO UOIHPUOD JSY}eam
219A3S € JO 9snedaq dn MOYs J0U S0P Judlied

‘paJnful Jualied ‘1D Jo peajsul palinboe asom
sa8ew| Y| “JUSWIE} B3 JO SWIF By} Je djeunddeu]
J0 3|qe|ieAe jou s| Jue|dw] 9y} INOge UoleuLIoul
3y} 3nq 232 Juejdwi |eusp ‘4sxewsded sey juslied

‘219 uolpuny

JOJ0W ‘9)Se} ‘UOISIA apn[dul Aew S}NSal 31533 Y30
Juanied 213snoJe Ue I0J 3|ge|leA. J0U S| 3NSaJ 1591
Sulieay juadal 3sow ay3 'l ‘yuawiessy ayj oy Jord
9UOp J0U aJe S$1$9) AIoSuas Jo |edisAyd AlessadsN

‘s|ieysp

JusWieal) Jaquiawal uop Ajwey 3 juaired ay |
*939|dwodu] Jo a3einddeul si 3dap ay3 apIsyno/apisul
Juswjeal juanjed 3noge uoljewIoul [BD1I03SIH

‘paquasaid asop |ewndogng joeq

JuSs I jusljed SuoIMm SY) JOJ UOIFBWIOU| “SISIXD
Ajlenoe oym uosiad Juassyylp e Joj Juswiiedsp
Jayjoue wouy pajsanbal S| uoljewlou] “Aj3da.10oul
aseqelep [eydsoy syy ojul padAy si sweu jusljed

saun|iey pue sasned Jo sajdwexa pue sajoN

d%a%

8E'LE

0,19

c69

8/'¢CC

LTVC

(444"

€9°0¢

00v¢
Ndd

€r'e

88'¢C

SL'€

€Ty

T4

€1°¢

SLT

0S¢

0S'T
a

8EY

00¥

88V

002

8€¢

8¢S

T4

€19

008
S

8€'¢

§¢e

8¢¢

€97

00°¢

€1°¢

0S¢

00¢C

00¢C
o

3|qejJojwodun jualjed

uoRnqLASIp
9SOp 9jelnddeu|
SWIN|OA 33ednddeu|

pajeadaus

9q 0} paau Aew
3uidew| uonnqusip
950p 3jenddeu|
SWN|OA 33eJnddeu|
Juswiean

paAejsp uonnquisip
950p 3jeinddeu|
SWN|OA 3)eJnddeu|

DDUSIUSAUODU|

Ainfur jusned

9sop 3uoum Asap

9sop Suoum Asop

9sop Suoum Asap

alnjiey
40 S3199443 |eiuajod

paulel)
Ajo1enbapeul |suuosiad

UOISSIWO [2UU0SIdd ‘T
sainpadoud

pazip.iepuess Jo 3oeq ‘T
uoljejusio

/3uluieuy ayenbapeu| ¢

UOISSIWO [2UU0SISd ‘T
sainpadoud

pazip.iepuess Jo Xoeq ‘T

UOISSIWO [2UU0SIdd ‘7
saJnpasoud
pazipJepue)s Jo Xoeq |

UOISSIWO [9UUOSIdd T
UOI3EDIUNWIWODSIIA T

UOIIEdIUNWWOISIIA ‘T
sanpasoud
pazipJepue)s Jo Xoeq |

UOISSIWO [SUU0SISd 'S

UoNeDIUNWWOISIA “Z
sainpadoud

pazipiepuess Jo xoeT ‘T

UO[3EDIUNWWODSIIA T
UOISSIWO [dUUOSIad T

UO[}EDIUNWIWODSI|A 'S
Jolsd

uonduosuel} uewnH ‘g
AJjua Ul uoIssIWQO ‘T
:sasned Aj2y1| ysowl
‘AJjus [enuew Ul sioli3

ainjiey
JO sasned |enjuajod

uoloalul eisayisaue
|edo| ajeudouaddeu

a|qgnq Jie yonw 0o

Alquiasse
Xoq [ednpy peg

Suiely Pajo3SIp JO 3N

1els jouued

ojul juejdwi juaned
913|dwodul 10 323.4100U]

S)NsaJ 3591
239|dwodu] 4O 399.4100U]

A1o3siy
juawijeal) snoinaad
939|dwodul JO 399.4100U]

ejep | uaned 3021100U|

Sapowl ainjie} [enuajod

uonexy
/8uluonisod awel4

3232 X0q [eldnpl/auwiel

3932 X0q [e1dnpy/auwiel

3232 X0q [eldnpl/auwiel

3232 X0q [e1dnpy/awiel

uoljeujwexa [eaisAyd

uoljeujwexa [ed1sAyd

pJodaJ Juawieal}
jueAn(pe/snoiraid

Heyose
/Meyd uaded ajealr)

days

T
‘oN

*A1S3Jnsolpes 9)1uy| ewwles) Jo) 3|qe) sopowl ainjle{ T 31av]



157

WILEY

XU ET AL

(senunuo))

SWN|OA
JuswieaJ] ay} JO UoIHULSp S1einddeul asned
Aejn “Ajo3eudoadde pasn jou si 3sesjuod SuiSew|

‘S9WIIDWOS
papasu oq Aew 3uidewl-9y "sadewl Ul S}OeJUY

‘'sodew

paJinboe ul uoi}I03sIp 9sned Aew 0s op 03 aJnjie4

*Aj24n23s paxd0| pue swels 3y} yum padedus
Aj@3191dwod aq pjnoys xoq |enpy SuiSewi ay |

Juawieal} uo juaired ayy ainful

10 juswijealy ay3 dois pinod uid Jo 3sod e ypum

uolsl||0d v "wd3sAs 3ujuueld ayy Aq pajodalap jou
02 Y/ '399.102 JOu S| Juawainseaw uid 4o 3sod

‘A13owoag ||nys jualjed a3eunddeul ue uo paseq Si
AJaAI9p 950 "98e3s 29D [euy ayj je padijou jou
S| pue y3nous 91eundde Jou S| JusWaINSeaw a|qqng

‘paadoud
JOU UBD JUSWIEA. | "JUSWIEAI} B 9109 INO puNnoy
JOU INq peq SI UOIX3)I9d Joj Jardepe swel) ay|

‘pajeadal aq 03 pasu SuiSewi pue swelq

‘wa1sAs 3uluueld syl wody panodal si (UoIXaLiad

3y} uo) ded 22unos ay} Jo (D7 3Y3 UO) S}Bw|aY

3U3 YIM UOIsI||0D Y “uolsd| |edaydliad e Supesu)
UuayMm AJ3021100 PapIYsS J0OU S| SWel) J130eJ09433S By |

"JJeys Jo/pue juaijed oy
uo3a4ul asned Aew jsod,/uid pazijiiasun Jo asn ay|

"uolNqLISIp 3sop SUOIM B UeSW PINOD SWiey
9S00 B Y}M JUSWIEI} ‘DSIMIBYIQ ‘JusWIeal} sy}
210J9q dWel) 3500| 3y} INOCe JNO SPUY SUOSWIOS

J1 J9A0 1IE}S 0} Sey ainpadoud ay] Juswiieal)

€ JO 35IN0d 3y} SulINp 3S00| SBW03( pue
Ajway [jnys Jusned ay3 03 payoeie jou S| swely v

sainjiej pue sasned Jo sajdwiexa pue sajoN

16°6€

75'8€

08'T¢

1784

SY've

€611

[4X4

9L

¥6'ST
Ndd

SCv

S/L'C

TAr4

SLT

€9°¢C

SLT

88T

€91

€1°¢C
a

8EY

€98

88'¢

00's

00'S

881

05’9

€T°¢

00'S
S|

€re

€91

0S¢

88T

€9¢

SLT

S¢c

0S'T

0S'T
(0]

pajoa3ap
JOU SWIN|OA 39818

uonNqLasip
9S0p ajesnddeu|
SWN|OA a3jelnddeu|

SWN|OA ajelnddeu|

Aanful
Judljed SIUBIUSAUODU|

uonNnqLsip
9SOp a3eanddeu|

(yusned
pue }je1s) asuslusAuodU|

(uaned
pue JJe3s) 9dUIUSAUODU|

uopva4ul JudNed

92USJUSAUODU|
uoinquisip
9sop Suoum Assp

aanjiey
JO S309)J3 |enpuajod

pajuswniop Apes|d jou
sainpadold [esausn) ‘g

3jejs wis 01} A

WwioJ) uoljesiunwwod
9lenbapeu) ‘T

5|00}
/s|eliayew ajenbapeu] -z
pauieJ} Ajojenbapeul
|puuosIad ‘T

UOISSIWO [2UU0SIdd T
|suuosiad
Jo 8ujuiesy ayenbapeu) ‘T

JO1IS uewnH g
|suuos.iad
Jo 3uluies} sjenbapeu) ‘T

10JJ3 UewnH g
|ouuos.iad

Jo Sujuies; ajenbapeu) ‘T

UOISSIWO [9UU0SIdd 7
sainpadoud

pazipJepuels Jo 3oe] T

UOI1EDIUNWWODSIA T
ERlIEIIE e NE]

/3ululeny Jo xeT °T

UOISSIWIO [aUU0SIad 2
sainpadoud
pazipiepueis Jo xoeq ‘T

pauieJ) Ajjenbapeut
|puuosIad ‘g
UOISSIWO [2UU0SIad ‘T

aJnjiey
JO sasned |enuajod

papaau
USYM pasn J0u 3Seljuod)

Joydepe
3uidew paindasun

Apadoud
paydene jou xoq |erpnpl4

juswLINseaw
uid/isod 323.100U|
Juswiaunsesw

3|qgnq a3eanddeu|

J93depe awely papolsiq

Juawade|d
Swieyy a1eudoiddeu)

1sod/uid pazijuaisun

Alwiy paxy jou swes

Sapow aunjie} [enuajod

uoljesjsiujwpe

senuod Al 8T
uopezijiqowwt

/3uluoiyisod jusiled /T

juswydene xoq [ebnply 9T

jJuswaunseaw uid/3sod  GT
JuawaINseaw

Luwpydiqqng T

159} Joydepe/ded awel{ €T
uolexy

/3uluonysod sweld{  ZT
uoljexy

/3uiuonisod swel4 T
uoljexy

/3uluonisod aweldq4 QT

days  oN

(penuiuo)) T 3149Vl



XU ET AL

WILEY

158

(ssnunuo))

“AISAI[Sp 9S0Op SUOIM B 9SNed PINOM Jawi}

SUOIAA JUBWIIEDI] B JIE)S 0 WaISAS ay3 Juanald

pPINOM uO[3eIN3YUOD WDISAS 1O 202 SUOIAA

'ss9204d D Sulutow ayj Suunp paynuapl Jou

Ng (2319 uoeIN3Yuod WISAs N0 ‘Uawil) Alsadoud
Supjiom jou si JoIndwod JjoSU0D JuBWIe} Y|

‘Juswieal) e 1oj uo| A|9AISSIIXD

Jem 03 sey juanjed y Juswade|d swely isye

ps|[22ued aq 03 sey juswieal) jusiied v\ “d|ge|leAe S|

wea} A30]|0ouU0 uoljelpel sy} wou) 33esd9A00 y3nous
JOU JO OU Jey3 Jes[d awodaq sey 3 ‘SuiSewl Joa)y

'S9SED SWIOS Ul Pasn ¢ 0} paau Aewl

NO¥Y dD ‘waisAs Sujuueld Juswieal) e 0} Jauueds
e WO.j pPaJlajsuesy aq jJou ued saSew| ‘Juawieasy
© 210J9q Paxy pue payijuapl jJou wa|qoid YIom}aN

‘uoljewoful SuUoJM UO paseq pajeas) juslied
‘wasAs Sujuueld juswiesuy ayj 03 payiodw sajy
pPo3dnuiod s9sned aanjie) UoIedIUNWWOD WodIp

"SOWN|OA
sjusnjed Jayjoue Jo siseq ayj UO pajeal; Juaired

'ssao0.d
SuiSew juapyjau| ‘pajeadal aq 03 spasu SuiSew

‘pauuedsal 3q 0} pasau Aew jusned

*AJSAIISp 9sop
91eanddeul pue uoiesulldp YyYO/ALD pasiwoidwo)

‘papaau uaym paiinbde jou si

Apnis oi1uy "uoieauljap uesio [ed13Ld Jo/pue Ja8.1e}

ul A}ndoyyIp asned ‘papasu usym padinboe jou

SI ApN)s dL13BWN|OA "UOIUYSp |INXS Juaiied >oayd 03}
3Nouyip 31 soxew ‘pasinbde jou si Apnis peay 9JoyaA

saunjiey pue sasned Jo sajdwexa pue sajoN

LE'8T

08¢t

8891

65°€C

[4X4

98'GT

¥6'1¢

16°€E

05'9¢
Ndd

8€C

£€9¢C

0s'T

TA4

00€

SLT

T4

£€9°¢C

8¢C
a

€Ty

€97

009

€9°L

88%

€9°€

SCe

8¢S

8¢9
S

88T

00'¢

88T

8€T

88T

0S¢

00¢

8€'C

SLT
(0]

2sop Suoum AJaA Xeln|
juswjeal) pakejsp
pue 2oUsJUSAUODU| Ul

juswyeal} pakejeg
Jojwodun jualied
32UBIUBAUODU|

juswiealsy
paAe[@( 22UsIUSAUOIU|

SWN|OA 3UuoJM AIDA
uoinquisip

9sop Suoum Assp
uonnquasip

9sop 3uoum Asap

SWIN|OA 3uouMm AISA

(3uaned
pue }je1s) aoualusAuodU|

uonnq3sip
9SOp a3einddeu|

9S0p 3jeanddeul
SWN|OA 3jeinddeu|

aWIN|OA YVYO
Jo/pue 193.1e3 SUOIAA

aJnjiey
JO S3094J3 |enpuajod

UOISSIWO [2UU0SIad
saunpadoud
pazipJepue)s Jo Xoe7 ‘]

UOI3EDIUNWIWOISI A

(24EMPp.IEY 1O 91EMIOS)
s|elalew aAI3R4R(QJ

SJ2UUEDS JO SWIISAS
Sujuueld juswieay
JO suohejwiy 'z
3unsay asueydadde
pue Sujuoiss|wwod
91enbapeu) ‘T

3ulutesy syenbapeu| 'z
pJodad sjuaied
3uoum dn ||Ind ‘T

sainpadoud
dnyoeq ayenbapeu) ¢
3ujuies) a1enbapeu) 'z
S|le3op 0} uohuspeu] "
3uo|
00} ssad0.d SuiSew) g
jusned ay} 0}
uoI3edIUNWWOD 100d ‘T

UOIIEIUNWIWOISIA ‘T
pajuawnoop jou
saunpadsold [esauag T

UOIIeDIUNWWODSIA “Z
pajuswndop Apes|d
J0U (S3LISS Ul SABY
pinoys adAy Jejnoijued
e Jo sjuaned |je ‘39)

saunpadoud [esauas) ‘T

aJnjiey
JO sasned |enuajod

Sujuonounyjew
J9indwiod
9]0SuU0d pajdalepun

a|qe|ieAe Jou Jels

3}doMIaU eIA
aSew]| JajsueJ} Jou ued

ain|iey
Supesunwwod wodiqg

juaned yjm pajeidosse
19s ejep a8ew] 1294100U|

pa3a[ap Ajjeuapiooe
319s a8ew| paJinboy

ueds 3uunp
4onw 00} dAOW judlied
(ssawpiyy
9211 3uoum ‘3-39) pasn
102030.4d uEdS SUOIAA

SETIEN
3ui3ew y3nous JoN

sapow aJn|iey [e1puajod

VO Allep aulyoey - /g

VO Allep auiyoeN  9¢
Sdl

03} palajsuel) sadew| g7
Sdl

0} paliajsues) saSew| g
Sdl

03} palidjsues) saSew| €7
Sdl

0] patidjsues) saSew| gz
uol309|9s

|ooojoud BuiBew|  1g
uol3239|3s

|j02030.4d SuiBew| Oz
uol329|3s

j0o0j0ud BuiBew| 4T

days  ‘oN

(penupuo)d) T 374V1L



159

WILEY

XU ET AL

(senuiuo))

"pajeadal g 03 Spaau JusWINSeEaW
a|qqnq Ajjensn “|lom AJaA yojew juop saSew sy}
pue JuswaInseaw a|qqng ayj wouy adeys |INXs ay |

‘padI30U S| JOIIS UoUYIp 38Je| Y} JI 3Nsas jewrydo
104 pajeadal aq 03 spaau 3uidew| ‘ssado.4d SuiSew
3y} Suunp juswaAowW jualjed SAISSIIXS JO [02030.d

/auswdinba peq Jo asn ayj} Jo asnedaq Jayje
‘319 00} S| Sa1I9s d8ewl] Ue 10} J04Jd UoIuYap 3y |

'sso204d Suiuueld ay) Suunp

1IN0 punoy aq Ajlensn ued siyj "pajiodwi Si 39S
93ew| ayy Jo jed AluQ "939|dwod SI Jaysuely adew
3y} aJojaq saSewl Jodwi 03 1elS “Apnis dL3dWN|OA
21 1odwi 03 398104 “9°1 ‘}9s 98ewl Ue SSIN

*J9A0 1e)s 03 sey Sujuueld Juswiieas |
'sso20.d 3ujuueld sy3 3ulnp payiuapl sem
Jo419 ay] ‘papodwl a49m juaijed Suoim e Jo sadew|

‘39S 93ew| SUOIM UO paseq SI Juswjeal |

'ssa20.4d Sujuueld ayj SulINp PaJsA0ISIP JOoU Sem
10143 9y} 0s ‘Jejlwis aJe sjusijed om] ay3 Jo sadew
9y ‘papodwi a4om juaijed 3uoim e Jo sadew|

Juswieal) uo jualied ayj aJnful Jo JuswIeas]}

3y} dojs pinod uid Jo 3sod e yum uoisi|jod

V ‘waisAs Sujuueld ayy Aq pa3dajap Jou SI UOoISI||0D
V ‘Aj3920102 ul 3nd jou S| Juswainsesw uid 10 3s0d

*A13owoa3 ||nXs jJualjed a1ednddeul uo paseq Sl
uolje|nojed aso H23yd [euy ay3 Suunp padijou jou
SI SIYy| ‘wasAs Suiuueld ay3 ojul Ind a19m siaquinu
SuoJm Inq A[3031100 SUOP Sem Juswainseaw 3|qqng

'ssao0.d

Sujuueld ay3 Sunp paloudl 9q p|Nod spuswWeal}

snoinaad ay] Jusned mau e se pajeasd S| Juswiesy
9J1uy ewwes) snoiasd Jusmispun jusijed v

3|ppiw 3y} ul paddols aq 03 aAey Aew

JO JJE)S J0U ued juswieal] ‘ssa204d O Suljuiow

3y} Suunp payiuapl J0u Ing (239 wa|qoid Yysnod

‘BuiuordpuNyew Yd3IMS 10329s ‘Suluoijounjew 3sioy

J8Wlay ‘walqotd Yyo1ms odjw 1awiay ‘wa|qold Sdvy)
11Un JusWIea.} Sy} Ul SJN|iey [EDIUBYISW B S| 343y

saun|iey pue sasned Jo sajdwexa pue sajoN

4 AT

88'CY

1E°Sy

LTS

€0TE

1¢0€

8¢€'€C

8L'LE

148V
Ndd

00¢

A

€Y

0S'T

SCe

€1°¢

S/C

00¢

€9°€
a

SL€

00t

€9v

88T

88'S

8EY

00V

88'¢

8E'S
S

€T°¢

8¢t

8EC

88T

€97

SCe

€1°¢C

SC€

0S¢
o

uonNqLasIp
9SOp ajednddeu|

uonNnqLasIp
9SOp 9jednddeu|
SWN|OA 33jelnddeu|

SOU3IUSAUODU|

DOUSIUSAUODU|

asop 3uodm Alsp

Ainful
JUa1jed SJUBIUSAUODU|

uonnqu3sip
9SOp ajednddeu|

9s0p SuoIM AJDA XEN
20UDJUSAUODU]
pue uoisnjuo? Ul

juawieal} pajs|dwiod
Ajjened uo paAejpg
92USIUSAUODU|
ainjiey
JO S)29)J3 |enpuajod

UOISSIWO [dUUOSIdd ‘7
Suluiesy ajenbapeu| '

UOISSIWO [2UU0SISd ‘T
3uluiesy ayenbapeu| '

UOISSIWO [dUUOSIad

UOISSIWO [2UUOSIad

UOISSIWO [2UUOSIad

J0JJs uewnH

J01s uewnH

3uluiesy ajenbapeu| 'z
UOISSIWO [2UU0SIdd ‘T

Jous uewnH ‘g
‘sainpasoud

pazipJepue)s Jo Xoe7 ‘|

ainjiey

JO sasned |eljuajod

pasnou
jou a8ewi/3|qqnq
3y} U3aMISq YdjewsiiA|

paonou

JOU Jo1Jd uoiuyap 28.e7

So1I9s a3ewl|

Jo s3as aSew 933|dwodu|

papodwi juaned
Jayjoue Jo sagew|

pajiodwi juaijed
Jayjoue jo sagew|

(quswaunseaw 3sod
10 Uld) slaquunu SUOIAA

(3uswainseaw
3|qqng juied
) slaquinu SUOIAA

(uonjeuiwexs
Mau/juaned
Mau) A10331ed SUOIA

ain|ley
|EDIUBYIBW Pa3IaIapuUN

sapow aJn|iey |euajod

3uljjpAs|/uoniuyap aew|  9¢
3uljlaAs|/uoniuysp afew|  Gg
so8ewl podw| €
sodew] podw|  €¢
sodew| podw|  gg
A1lowoad |INys ajessus g
Alswoad ||yjs ajessusn  QOg
Sdl uljuened ajeasd 62
VO Ajlep sulydelN 8¢
days  ‘oN

(ponuiuod) T 314VL



XU ET AL

WILEY

160

(senunuo))

‘y3nous ajesndoe
jou S| 3984e] SIY3 JOJ UOIIe|ND|eD 9SO(] ‘|[9M PaJaIudd
J0u .0 3sieds 00} S| XLJew Uolje|ndjed asop v

‘Juswieal} sy} 240j2q jualjed sy3 Jnoge passyied
uoljewoul ay3 Jo/pue ‘sisuueld syl Jo adusladxe
3y} uo Suipuadap ‘aseasip Jo adAy Jejndiued

e J0J pasn sI 9sop uondudsaid ajenbapeur uy

‘Ajijenb
93ew| Jood J0 UoISSIWO [duuosiad JO asnedsq
pajeaJ; jou aJle siown) Jo suolpiod Jo siown]

'2}2 UOI3ed0|
Suoum ‘dn passaw Jysii/19| 398483 |euoijoun
'SJOWN} SB PaJapISUOD I SBWIP ‘S|9SSIA

poojg "303.102 jou S| eale }98.e} sy} JO UoIIedy1Iuap|

‘(239 aANd
Ajsuap | D 3uodm ‘103oe) Indino uoim) wyiliog|e
uolje|nded asop e Jo uoljean3yuod ay) YIm ws|qold

“(UoIXaJIdd SA DY “9'1) UISOYD SI HUN
941Uy ewwes) SuUoIM Y ‘WalsAs Suluueld ay3 ul yun
JuaWieaJ) ayj} Jo uoieinSyuod ay3 YIM swajqoid

“JNOJUOD ||NXS 9Y] JO Seale ulepsd
ul s10.43 J934e| aJe aiay] “Apadoid pajips Ajjenuew
10U S| UOIULSP |INYS 98ew! ue woJ) adeys ||N3s ayL

‘uleSe pajeal) pue eale Mau B Se PaJapISuod

9¢ 0] |043U0d poo3 YHM eale pajeal) Ajsnolraid

e 9sne) "Saj2JId an|q dYy3} JO SWOS UO uin} 03 398104
‘'suoljeujwexa snoiaaid sy} Jo auo podwi 03 398104

J9AIDS 9Sew ulelad woJy saSewl ay} Sulusjsues)

swia|qo.d aJe auay3 Ing 93Is aseasip (A4adins 1o

Asaginsolpel) pajeas; snoinaid e Jo uoissaidold ayy
9)enjeAs 0} papaau s| 39s adew| do-jsod/do-aid v

‘Jsesjuod a3ew| Jood Jo 9snedaq pPayooISA0
3Je Seale ulepa)) ‘palin|q Si eale Juswieal) e Jo
Asepunoq ay] ‘Ajojeudoidde paj|aAs| jJou aJe saSew|

*Aj3224402 Ul Ind jou d49M
syew Jy3L/1a| oeq/jejuold) ay] sadewl olduy
JO UoIUYdpP 9y} YHIM ualjo Jsow suaddey siyy

saJnjiey pue sasned Jo sajdwexa pue sajoN

T6'6C

69'7€

£9°0C

Lcee

0591

LLLT

68'LC

4304

€181

CL'6S

LTeC
Ndd

8€¢C

0S¢

€9¢C

8€¢C

00¢

0S¢

0S¢

SC'E

€re

0S¢

88'C
a

88'¢

€9y

0sv

SL'€

00€

€T°¢

88°¢

SLY

£€9'¢C

059

€9y
5]

ra

00°¢

SLT

0S¢

T4

€97

88'C

£€9¢C

§ce

£€9°C

SLT
(0]

uoljenojed
9s0p 9jeJnddey|

9sop 3uoum Asop

JUBWIea} dAIRIRYRU|

asop 3uodm AJSp
SWNjOA Suoim AJBA

uoinquisip
asop 3uodm AJSp
9sop Suoum Asap

uoinquisip
9sop 3uoum Asop
asop 3uodm AJSA

uoiNquUISIp asop SUOIAA

AJanijep
9sop Suoum Assp
SOWIN[OA SUOIM AJDA

ue|d jewndoqng

SaWIN|OA SUOJIAA

ueld jewndognsg
SWNJOA SUOIAA

ainjiey
JO S309)J3 [enuajod

UOISSIWO [9UU0SIdd g
3uluiesy ayenbapeu| 'z
‘'sainpadoud
pazipJepue)s Jo Xdeq T
UOI3e2IUNWWOD 100d °E
3uluies} ayenbapeu| 'z
‘sainpadoud
pazipJepue)s Jo yoeq

UOISSIWO [9UUO0SIdd *
UOIEDIUNWIWOD J00d *
Sujuiesy ayenbapeuy *

N M

UOISSIWO [9UUO0SId *
UO3EDIUNWIWOD J00d *
Sujuiesy ayenbapeu) *

UOISSIWO [SUUO0SIS *
UOI1EDIUNWWODSIA
3uluolssiwwod
91enbapeu| ‘T

N M N ™

UOISSIWO [SUU0SId ‘T
3ujuolssiwwod
ajenbapeu| ‘T

UOISSIWO [2UU0SIad
3ujuiesy ayenbapeu| ‘T

UOISSIWO [2UU0SIdd ‘T
3uluiesy ayenbapeu| ‘T

uojeduUNWWod

9jenbapeu| 'z
Suluoissiuwod
juawdinba ajenbapeu| ‘1

Sujuresy ayenbapeu]

Joug Jasn ‘g
3uluoissiuwod
juawdinba ajenbapeu| T

aunjiey
JO sasned [enuajod

uonisod
/921s X1ijew a1enbapeu|

asop
uondinsald ajenbapeu)

eale 1984e)
/S3984E3 Pa¥OOIAQ

[SEFI[]
3y} JO uo13ed0| SUoIAA

uoljesn3yuod
wyjios|e 393.400u|

uoljesn3yuod
3UIYdeW }23.100U|

ues|d jJou ||INYS

S92.1D
an|q Jo Jaquinu SUoJAA

5395 98ewl|
papaau 398 jou ue)

SuljaA3| 3enbapeu]

UOIjew.oul UOI}eUSLIO
jua3ed SUOIAA

sapow ain|iey [erualod

uondudsaid

9Sop/uoiuyap XN Ly
uondudsaid
yop XeN 9
uonduosaud
ysp XeN G
uondudsaid
9sop/uoniuysp X - i
ued Juswjeasy ajeal)  €F
ued Juswjealy a3eald) g
uoniuyap ||nxs adew|  Tf
Suoljeulwexa
snojaaud podw|  Op
uopensi3ai/uoisny a8ew| g€
sul|aAs]/uoniuyap asew| 8¢
3ul|pAs]/uoniuyap asew| /g
da)s  ‘oN
(penunpuo)) T 319VL



161

WILEY

XU ET AL

(ssnunuo))

'D39 DWI} Juswieal) JoYs AJSA UM Joys e ‘93ueyd
J2W|ay Jo 3j3ue ewwes) pajuemun ue suieyuod ueld
pajiodxa ay] ‘paydsyd jou sI Aewwns joys/dnias

‘lI9M se juaijed ayy Ainful pjnod [jnys Jo uid e yum

uoIsI|[0d \/ ‘papasu agAew uejdas pue paydniiajul

9q Aew juswieau] ‘uid/isod swedy ‘(nys juaijed
3y} pue ded/1swdY Syl USIMISQ UOISI|[0D € S| 949y

'suol1e|nd|ed 9sop ajednddeul ul
3unynsau ‘panoadde si ueld ay3 a10j9q AjRlerdosdde
pajsnipe jou aJe Sad1Ijew a3 JO SazIs oy |

‘ueld
|euy. ay3 ueyy Jayjes sueld el ay3 Jo auo papodx3y
'sased
3y} JO JS0W Ul INO punoy 3 ued pue Ajaues suaddey
siy] -juaned Suoum e Joy ueld juswieas e pajiodxy

‘ueld ayj Jo uonenjeAns aenbapeul

ue 3¢ Ued }|NsaJl 3y} ‘uolNquisIp 3Sopos! 1o

HAQ 3Y3 33enjeAa 03 sawi3 ysSnous Suipuads jou Jo

3ujuiesy Jood Jo asnedaq ing ‘siseq adl1|s Aq 2l|s e
uo uolNquU3SIp 3sop pue HAQ 3e 300| 0} SpPaau 3UQ

"pajusawWINdop jou ate

S9s0p 24njonJ3s [ed3do ‘pajen|eAs Jou S| 3Sop upjs

apn|oul sa|dwex ‘Sjusaweal} aininy Joj sUoIsAP

[BD1UI]D 9Xew 03 3NduYIp 31 e “[ewndo jou si ueld

ay] "uopenjeAs uejd ul papnpdul Jou S| 3IN3PNIS
3Y] "PapadU USYM UMEIP JOU S| 2INJONIIS [EDIFLD

'9SeD 1SI0M Ul
uonNgUISIp 9sop SUOIAA “SINO0JU0D 323 uadwi Y3 uo
paseq S| uoljen|jeAs ueld 219 ‘siaulod dieys ‘sayids
9jeldosddeul aaey Ing 3094400 Ajjessusd s3uimelq
'SOWIN|OA
pue suonnquisip 3sop Suoim AJSA 03 AjdalIp
pes| sINoju0d uedJo |edl3ld JO dWN|OA 123483 SUOIAA
‘weu3oid uoijendjed asop Alepuodas

e Aq pax2ayd aq ued siy] ‘wajqosd sandwod e
JO 9snedaq AJ309.4100 SOP 938|NJjEd JOUUED SIeMPOS

saJn|iej pue sasned Jo sajdwexa pue SajoN

18°CE

0097

8T'GT

[4.-YA%

¢69%

£€5°9¢

61°6E

80'¢¢C

86'61

(44"
Ndd

0S¢

SLT

88T

£€9°€

€Ty

8€C

SLC

€1°¢

88T

€91
a

00's

881

€9y

88’

05’9

88'9

€9¢C

8EY

88'¢

059
S

€9¢C

88T

SLT

S¢'c

SLT

€91

88V

8€'C

SLC

8€T
(0]

ueld jewndogng
92USIUSAUODU|

Ainfur jusned
S0U3IUSAUOIU|

uonNqLsip
9SOp 93einddeu|

uoinquisip
9s0p 3uom AJop
9sop 3uoim AJop

uonnquisip
9sop 3uodm AJsp
9sop 3uoum AJop

uoNquIsIp asop SUoIAA
9s0p SUOIAA

92USIUSAUODU|
(uonnqiisip
9s0p 3uoum ased
1s4om) ueld jewnndogng

(uonnqLisip
9S0p 3U0IM 3sed
1sioMm) ueld jewndogng

SOWIN|OA SUoIM AIDA

uonNqu3sIp asop SUOIAA

ainjiey
40 5393443 [enualod

pamo||o}

JOU 24NPad0.d '
ainpadoud 4o e ‘g
uonuayeu| ‘T

pamojjo}
10U 24Npadold ‘§
2.npadnold Jo yoeq ‘gz
uopusneu] g
UOISSIWO [SUUOSISd ‘€
pamojjo4
JOU 24Npadold ‘g
ainpasold ajenbapeu| '

ainpadsold ajenbapeu| g
uonuaneu| ‘¢
UOoI1e21UNWWODSIA T

uonuaey|

A8aje13s
uoljen|eAs J0od ‘S
Sujuiesy ajenbapeu| ‘g
juads 0}
/awi} ysnoua joN ‘T

JIom

UMO M3IAJ 0] aJnjied S
swn

30 joe| ‘uouaneu] 'z
3ulules; a1enbapeu) ‘T

uopualey|

UOISSIWO [2UU0SId T
3ujuieuy ayenbapeu| T

J01I3 31BM}OS

aJn|iey
JO sasned |enuajod

payoayd jou dniag

pawioyad
J0U 294D uoIsi|joD

pauny
-auy J0U 3ZIS XLIJe

panoudde uejd 3uoipp

juaized Suoupp

uoljen|eAs ajenbapeu]

ume.p
JOU JNOJUOD pPapasN

(239 ‘Addo|s ‘saxds)
SIN0JU0D uMelp Al10od

9}Is Suoum ‘uedio Suoipp

d[ed 3SOp Ul J04I3

sapow ain|ie} [elualod

|lenoudde ueld /S
lenoidde ueld 99
|lenoudde ueld (o
leAoidde ueld  pg
lenoudde ueld €9
uopenjeAs ueld ¢S
uoijen|eAs
ue|d/3unojuo) 16
3uunojuo) Qg
3uunojuo) ¢t
juawisnipe
3 juswadeld joys  gp
da)s  ‘oN
(PoNupUOD) T 3714V1L



XU ET AL

WILEY

162

(ssnunuo))

‘pajeasy
3ulaq 2Je eale JuaJaip e ul siowny Jo dj3ue
BUIWIESD) JUSISJIP B SUBSW UNJ JUSJIBHIP Y "UnJ yoes
910J9q pajsnfpe aq 03 pasu Aew uoljsod [ed13UdA
4onod ay] ‘syuswiieat) Suoj Joy jueyiodul si SIy|
‘yonw payd3a.3s 338 Jou saop dau Juanjed ayj eyl
0s paziwndo aq pjnoys uonisod [ea1aA Ydnod ay |
'SIy3 Inogqe
22130U p[aY e sey epd|3 ‘AJaAlRp asop Joapadwl
ue 1o ssad0.d juawieasy ay3 ul uondniiajul
ue ul }InsaJs Aew os op 0} ainjie4 "Aladoud payoepe
9( p|noys Jojdepe awiely 3y} ‘UOIXaad ay3} uQ

“Payd a3enbapeu)

*ananb juswsjeal} sy} ul uejd suo ueyy aJow doasy
0] SuOsea.l Auew Jou aJe aIay) asnedaq A[RxIun
Alysiy osje si sy -juajed juaiaylp e uoj ueyd e peoT

VO Suiuiow ay3 Sunp paydayd

J0u Ajjensn s| Ja3ndwod 9|0SU0d Jusweal) ay} pue

s193ndwod Sujuueld 9y} UsaMISF UOIIEIIUNWWIOD

9y] "}ME}S J0U UED juswieal] ‘Jandwod 3josuod
Juawiieal} ayj o3 328 jou ued uejd papiodxa sy

‘wasAs Sujuueld aj1uy| ewwes)

Sy ul awiy e je suejd paroidde SuipuelsINo [BISASS

9ABY 0} SUOSeaJs Auew jou ate aiay] ‘pajodxs aq

ued uejd panoidde ue Ajuo asnedaq walsAs Suiuueld
93 JO SUOISISA Jud3J 3y} 4o Axiun Alysiy si siyl

auop

j0u Ajdwis SI 23Yd AIBpuodas 3y} IO I3YD puodIS
3y} Aq 3ySned jou SIy} INq Swi} AISAIBP SNOSUOLID
ue S9AIS wa3sAs Sujuued Juswiealy ay3 ul aJnjies

‘usanzed 3nid ay3 3noyym papasdoud
juawieal] “Jajuid By JO UMOpHEealq B 1O UOI}I3|as
1nojulid 3991100Ul UB JO 9SNEJaq JaY}D ‘Y MOYS Jou
soop Adod pJey sy} Inq Dfy uo pasn si uiened 3nid v

'S9SeD SWOS
ul ssauueld ||e Aq paaJ8e pue pa)dayd uaaq jou sey
ueld jeuy ay3 jey3y uesw osje pnod 3| ‘Ajjeldoidde

pausis jou si uejd juswieas} ayy Jo Adod piey syl

sainjiey pue sasned Jo sajdwexa pue sajoN

€5°6¢

§Gcet

8G°LT

96'LC

9¥'0T

96'LT

LSVE

[44V4

08¢t
Ndd

0S¢

SL'S

0S¢

0S¢

£€9°¢C

SLT

€T°€

€1°¢

SLT

SL'€

SLL

SL'€

00’2

88T

€16

8EL

€1's

Sc'c
S

1A

T4

88T

€Tt

€re

€TT

0ST

88T

1A
(0]

9|genojwodun jualjed

AJBAI[BP dsOp d)eInddeU]
9DUBIUBAUODU|

SuyrAians Suoim Asap

uiyrAiana Suoim Al

S0U3IUSAUODU|

awINjoA Suoim AJsp
uoinquisip

2sop Suoum Asap

‘9sop 3uoum AJop

SWN|OA SuoJm AJDA
uonnquisip

9sop Suoum Assp

9sop 3uom AIDA

aWINjoA Suoim AJap
uonnquisip

9sop Suoum Asap

9sop Suom AIDA

DOU3IUSAUODU|

ainjiey
10 S}99443 |enuajod

|suuosiad
paulel) Aliood ‘¢
‘|le3op 03 uohusneu| ‘g
sainpasoud
pJepueis Jo 3oeq ‘T

UOISSIWO [SUUO0SISd T
uolnejualio

/3uluieuy ajenbapeu| T
|ouuosiad

paulel) Allood ‘g
saunpadoud

pJepueis Jo 3oeq ‘T

UOISSIWO [dUUO0S.Id

wo|qoud YI0MIaN ‘€

SlIm peg °¢
Ajlejuspiooe

no pajind s|qed T

IWO [9UUoSIad
pamoj|o)

10U 24Npadold ‘€

aunpasold ajenbapeu) g
aJnpadoud Jo e ']

sainpadoud
pJepueis Jo 3oeq 'z
UOI1EDIUNWWOISIA 'T

UOI3EDIUNWIWODSIIA 7
uonuayeu] g

ainjiey
J0 sasned |e;uajod

[eap! jou
uopisod [B211IBA YN0

Ajadoud payoepe
jou Jajdepe swel

wooJ
3y} Ul Juajed 322.4100U]

papeo| uejd SUOIAA

aJn|iej UOIEDIUNWIWOD)

pajiodxa ueld SuoIpn

aJn|iey J23ndwod
Sujuueld pajdalapun

usoyed
pad3n|d paoijouun

Ajo1endoidde pausis J0N

sapow aJn|iey [eipuajod

Sujuonisod juaned 99
JuswydeIe

Jo)depe swes4  G9

ML/Yd Q] Jusined 9
9|0Su0d

juswijeauy ul ued peo]l €9
3|osu0d

juswjeaJ; ui ueld peol  Z9
juswiealy

Joj podxa ueld 19
PRENTR)

Aljowisop Asepuodas 09

dn-ysiuy peyd 65

dn-ysiuy peydy  g8g

days ‘oN

(penunuod) T 314V.L



163

WILEY

XU ET AL

(senunuo))

‘JlUn jusweaty
3y3 JO N0 Jo ul panow Suiaq s Juaized pasnjuod
JO SS3|3S94 B USYM U3J0 jsow suaddey siy|

J0[423uUl PaJeajd-un ue S| a1ayj Ing s|qe}
9y3 uo si Juaned y “dn suajysdi| uojng uo-weaq
2y} 2Jojaq paJtea)d aq 0} sey (suopng Aduasiows

‘s9391d 9pIs ‘O|puey 3ses|a YIN0d) SYI0[IS3Ul 33 ||V

‘palidde jou s| snjoq e jI asopiapun
9g Aew uoIsa| ay3 Jo uoluod 92epNS Y| "SUOISI)
leyJadns Jo juawieal) ayj 1o) pasn aq p|noys snjog

‘dojs 03 Jusweasy ayy
asne) -juawieasy e Suunp sdodp 3njd/pasul ay |
Jaw|ay e 03 paydeye Ajwy jou si Snid Jo jasul uy

*Df7 uo Aj3da.102 ui Ind jou si uispred 3Snid sy

"pajdnuiajul Juswieal ] “uonisod juswiealy

3y} 03Ul SSAOW YoN0d dY3} usym pajnd s3a8 auim

/aqny 3y -uaned e o0} payoeyne si (032 juswdinba
eIsayisaue ‘Jojuow asind ‘UaBAX0) asm/aqny v

‘pa3dniiajul JuUsWIeal] ‘Yonod
39U} UO 13| aJe "233 SISAIP M3IIS ‘S}dyjue|q ‘SMO||id
‘paanful 393 Aew
JUal3ed ‘pPapasu S| uejday °UOISH|0d B JO 3SNEDS(
pajdnuiajul si Juswieas  “Apdadoud pawogiad
J0U IO pawoiad Jou S| 3593 ddUEIed|d AJBSSaDBU WY

Dt Yl UO spow uojuunil ay3 104 Jueriodw

aJow s siy] ‘uolisod peay jusied psindssun
asned Aew SMaJds 9S00| 4o ualy3ipun ‘ainjies
juswdinb3 -juswiesauy e a10jaq Apadoud paxy
S| pesy juaned ayj JI 323yd 0} a2130eld poos si 3|
‘9|8ue ewwes) Suoim e ym 1eis

10U UBD JusW]eal] UOIXalad sy} uQ "9(3ue ewwes
3uoum e je dnias jusijed ‘spow uoluuniy ayj
Ul S9JeUIPJO0D 2119e10913)s SUOIM Y3IM dnias Jualjed

sainjiey pue sasned Jo sajdwexa pue sajoN

¥9°1¢€

9€'ST

90°6¢

8€°09

8¢Sy

£9°LC

€9'8¢

90°LT

6L°€C

LY'ST
Ndd

8€'¢

8€C

0S¢

€9°¢

88'C

0s'e

88'C

SLT

0S¢

00¢C
a

SC9

88C

88'¢

€1's

00'6

S/LC

8E'S

05’9

€9°€

€Ty
S

0S'T

'rar4

00°€

SCe

SLT

88'C

0S¢

0ST

€9¢C

88T
(0]

Ainfuy
JO 3|geojwodun jualjed
Juswieal} paydniiaju)

juswieal) paie;pq

uonnquisip asop
Suoam AJaA 1o Suoupp

Juawieal} pajydnuiaiu)

uonNquISIp 3sop SUOIAA

3|ge}Jojwodun juaijed
juswyeal) paydniiaiu|

Juswieauy pajdniiaiu|

Ainful

Jud1jed SJUBIUSAUODU|
ueld jewndogng
Juswieal} paydnuiaju)

uonNquISIp 3sop SUOIAA

uonnquisip
9sop Suoum Assp
ainjiey
10 S)294J9 |enualod

uonusneu| g
juaned
UM UOI3EdIUNWIWOD
4027 T

UOISSIWO [2UU0SIdd ‘T
Suuresy jo xoeq ‘T

pamojjo4

10U 24Npad0ld ‘E
ainpadcoud ayenbapeu) g
Suluiesy ajenbapeu| '

2343 3|qNop Jo >oeT ¢

UOISSIWO [2UU0SIad ‘T

39342 3[gnop jO >deTq “¢

UOISSIWO [2UU0SIad ‘T
aunpadsoud

pJepuess Jo 3oeq ‘g
UOISSIWO [SUUO0SISd ‘T
paMmoj|o)

10U 24NpP3ad0ld ‘S
ainpadsoud

pJepuess Jo 3oeq 'z
UOISSIWO [suuosiad ‘T

pamoj|o4
Jou ainpadold ‘g
UOISSIWO [2UU0SIdd ‘T

UOISSIWO [SUUOSISd “Z
juswdinbs peg ‘1

UOISSIWO [9UUOSIad

ainjiey
J0 sasned |enuajod

auiyoew
YHM 9pij0d swie jualed

JuUsWieal] 1Ie3s Jou ued

‘papaau
usym pasn jou snjog

paindas
jou s3n|d/sHasu|

wiped 3njd Suoipn

y3nous
3uo| Jou sa|qed/saqn

4oN02 3y} U0 }NIS

UoIsl||0d pPa3da3apun

paxy Ajuiy.
J0u uonisod peay jualed

dnjas juaned 329.100U]

sapow aJn|iey [euajod

uo weag 9/
uo weag G/
JodYd euly /£
M3y jeuly gL
M8y Jeuly gL
HovYd feuly  TL
Jodyd euly 0L
159} dUeled]) 49
jusped 5207 89
jusned 3207 /9
days  oN
(penunuod) T 314V.L



XU ET AL

WILEY

164

"Juswileal) Jaypny Ul Aejop asned Aejp|

‘Aj91endoidde pajamsue Jou S| Ing ‘Jusawiealy
9JIUy| BUIWED) J9}Je YSe 0} uollsanb sey juaied

‘paJous] Aj932|dwod S| unJ JusWea}

‘paydnuisjul aq 03

JuswWieaJ) ay3 asned 4andwod 9|0suod juswieal)
ay)} uo spinbiy ids 1o ‘uoiyng asned ‘Adusdiswa
‘uado Joop ‘uojng Jamod ayy ssaid Ajpuspiooe
SUOSWOS ‘JUaWIeal] e Jo 9sInod ayl uung

"SWI} JUSWIEI] Sy SDZIWIUIW
Jey3 aousnbas juswieal) e Jno a4n3y 03 Alessadau
S 3 ‘paAjoAUl aue Suppop moj/ysly ‘ssjsue

ewwes) a|dinw ‘sjpway a|dinw usym Df uQ
‘paydnaialul
9 0} jJuswieaJ) e asned wajqoid eisayjsaue

ue Ing "eisayisaue |esausd Jspun pajealy si juaned y

‘pardnuisiul 3q
0] Juswieal) sy} asne) ‘pajepas AUaAO S| jusijed v
‘paydnuauislul
9 0} jJuswieal) ay3 asne) ‘ded 921n0s 3y} yonoy
puey jusijed ‘ssj3ue wesaq swos Wol) 3sopiapun
asne) ‘sAemyjed weaq ay3 ul spuey jusaljed

'sJoys
uoluuNJI} Y3Im Dty uo ARl a4ow suaddey siy
‘PAJSAIBP U3 SABY Jey} S30YS 3y} Ul UOISnjuod
asne) *Adod juawjeal) sy} uo Aj329J102 papiodal
pue A|9S0|2 PaMO||0j 30U dJe SJOYS PaJaAlR(d

"uoljejuaWNIOp 933|dwody]

saun|iey pue sasned Jo sajdwexa pue sajoN

9L

VLS
€8'8¢

9101

0S'6T

€Cel

€L°€¢

85°9¢

0s'/¢

99°C1
Ndd

€91

SLT
£€9°¢C

€1'e

00'¢

SLT

88T

8¢¢

0S¢

T4
a

88T

SLT
€9v

€97

88Y

S/LC

SL9

£€9°¢C

0s's

T4
S

0S¢

88T
8EC

00'C

00'¢

SLC

88T

00¢

00¢

0sC
(0]

2Jed Jualied

J0jJWod jualied

9sop Suoum Assp

Juswiealy paydniiaiu|

ssaooud
JUSWIIeaI] DAIIIDYDU|

Juawieal) pajdniiaju)

}0jWod Juai3ed

juswyeal; paydnuiaiul
AJSAI|2p 9sOp 3e4nddeU|

uonnquasip
9sop 3uoum Asop
9sop Suoum Assp

2DUBIUSAUODU|
juaijed uo 109))9 ON

ainjiey
40 S}I9449 |eipusjod

jualed
0} UOI1e2IUNWIWOISIIA|
UOISSIWO [SUUOSId
ainpadoud ajenbapeu|

UOISSIWO [uuosJad

uonuaneu|

321042 J3sn 100d

Suiuien
/32ualiadxa Jo e

Sujuien
/22ualiadxa Jo xoeT
uonusney| g
juaied
U}IM UOIIEDIUNWILIOD
J0 e T
UOISSIWO [dUUOSId ‘€
pamoj|o4
J0U aunpadold g
ainpadsoud
pJepueis Jo >oe ‘T

uojjualjeu|

ainjiey
JO sasned |enuajod

awi} 3ySu ayy
Je jou ueds dn mojjo4

SuJa2U0d
juaijed passaippeun

juawjeal) paysiugun

uondnusjul
JusWIea.] SpewUR|n

9ouanbas
JuswW3eaJy Jo ad10yd J00d

wsa|qodd eisayjsauy

uoljepas ajeldoaddeu

dn sayoeau puey juaied

Aj329.1402 papJlodal
J0U Sj0yS pajeal|

awi} pus
/Hels podas 0} 308404

sapow aJn|iey [euajod

ueds dn mojjo4 98
s||ea sauoyd dn mojjo4 68
Suuojluow juswieal] 8
Suuojpuow juswieal] €8
3uuojluow jJuswieal] g8
Suuojluow Juswieal] 18
Suuopuow juswieal] 08
Suuojpuow juswieal] 4/
Suuojluow jJuswieal] g/
jooq 80| yuswneal]  //
days  ‘oN

(penupuo)d) T 374VL



165

WILEY

XU ET AL

'syoys
uoluuny Yyum Dty uo A2yl a1ow suaddey siy |
‘PaJaAIPp U3q aABY JBY3 S}0YS dY} Ul UOISNjuod
asne) ‘Adod jusawieal) ayj uo Aj323110d papJodal
pue A|2So|> pamo||0} Jou ale SJoYs paJaAllRQ

*Jf @Yl Uo spow uoluunil ayl Joj Juenodwi
aJow s siy] ‘uonisod peay jusied paindasun
asned Aew sMauds 9500| 40 uay3iun ‘aunjiey
juswdinb3 “juawieau} e a1049q Aladoad paxy
S| peay juaned ay3 41 32342 03 a2130eld poos si 3

‘9]8ue ewwes) SuoIM e Y}m 1els

JOU UBD JuaWileal} UOIXa)ad ayl uQ "9|Sue ewwes)
Suoum e Je dnias jualjed "9pow uoluuniy ay}
Ul S91BUIPI00) 2130B)03193S SUoIM YHM dnias Jusiied

‘pajeadal aq 03 pasu SuiSew| pue swel

‘wa3sAs Sujuueld ay3 wouy pajiodal s (UOIXa)Iad

3y} uo) ded 22unos ayj 1o (D dY3 UO) S}W|RY

93U} Y}IM UoIs|||0d \ “uoisa| |esaydiiad e Suijessy
uaym AJ3221100 PapIys Jou S| swely d130e309133s Y|

‘SWI} JUSWIeal] 3yl SaZIWiuiw
Jey} 2ouanbas Juswieasy e 3no aundy 03 Alessadau
SI 3 ‘PIAJOAUI B1e 3uppop Mmoj/ysly ‘ss|due
ewwes) 3|dipnw ‘sypwiay a|diINw usym ‘Ot uQ
‘do1s 03 Juawieal) syl
asne) juswiead e 3uunp sdoup 3njd/asul sy
Joway e 03 payodeire Ajuuy jou si 3njd 4o pasuUl Uy

*J uo Aj3294402 Ul Ind jou s| usaped 3nid sy

‘usonred 3nid ay3 Inoym papasdod
juswieal] ‘Jsjud Sy} JO UMOpSealq B JO UOIFI|9S
Ino3julid 3931400Ul UE JO 3SNeIaq JIYHD ‘) MOYS J0u
soop Adod pJey sy} Ing Dfy uo pasn si uidned 3nid v

'SIY3 3noge

0130U p[ay e sey epja[3 "AJdAIPp asop 30aj1adwl

ue 10 ssa20.d Juswieal) ayj3 ul uondnuiajul

ue ul 3Insas Aew 0s op 03 aJnjie4 "Ajjadoud payoepe
9q p|noys Jojdepe awe.) ay3 ‘uoixajad ayy uQ

‘paadoud

JOU UeD JUSWIeal] JUSWIeaJ) B 91049 N0 punoy
10U INQ peq S| UOIXd4Iad Jo4 Jajdepe awely ay

sainjiej pue sasned Jo sajdwiexa pue sajoN

yrog

yrog

yrog

yrog

or

or

b

b

uoIxajiad

UoIXa443d

aulyoen

uoinqusip
9sop 3uoum AJSp
9sop 3uom AISA

uonNquISIp asop SUOIAA

uoinquisip
9sop Suoum Assp

(yusned
pue JJe3s) 92USIUSAUOIU|

ssaooud
JUSWIEa} DAIIBHdU|

juswieal} pajdnuiaiu|

uonNqLISIp asop SUOIAA
QWIN|OA 3uoIm AJDA
uonnquisip
9sop 3uoum AJop

9sop Suodm AIDA

AJSAI[SP 9sOp a3elnddeu|
9DUBIUBAUODU|

(wuaned
puEe JJe3S) 92UBIUSAUOIU|

2in|iej JO S129)3 |epual0d

UOISSIWO [9UU0SIdd “E

PaMO]|04 J0U 3INPA0I g
ainpadsoud

pJepuejs Jo oeq ‘T

UOISSIWO [SUU0SIdd Z
juswdinbs peg ‘1

UOISSIWO [9UUOSIad

UOI1EDIUNWWOISIA “Z
duUaLIRdXD
/3uluien jo e °T

32104 J3sn Jood

393U 9|qNnop 40 e g
UOISSIWO [aUU0SIdd ‘T

9342 3[qNop 4o 3eT °Z
UOISSIWO [2UU0SIdd T

‘'sainpadoud
pJepuels Jo oeq g
UoNeDIUNWWOISIA T

UOISSIWO [9UU0SIdd T
uoneusLIo

/8ulutesy ayenbapeu| ‘T

UOISSIWO [2UU0SIdd ‘T
sainpadoud

pazipJepuels Jo yoeq ]

aJnjiej JO sasned |euajod

A[poa.400
papJod3au J0U SI0YS pajeal|

paxy Ajwy
J0U uonisod peay jualled

dnjas juaized 323.1400u|

jJuswade|d
swedy d)endoiddeu)

9douanbas
JUSW3E3J} JO D10y J00d

paJnas jou s8n|d/sHasu|

usa31ed 3njd SuoIpn

usa)ied pad3n|d pasijouun

Apadoud
payoejje jou Jaydepe swelq

Jaydepe awely payosig

sapow ainjie} |euajod

“Juspuadap aulydew Juswieal) aJe jey} Sapow ainjie

3ulojuow Juswieal ] 8/
juaijed 5207 89
juaijed 3207 L9

uonexy/3uiuonisod sweiq T
Suliojuow Juswieal | 8
P3Yd |euld €L
23Yd |euly cL
dn-ysiuy 1eyd 6S
Juawydelle Jaydepe awel G9
159] Jajdepe/ded swel cT
da)s  oN

Z 31av]



166 XU T AL
WILEY
1.2 in the understanding of the scoring guidelines and/or the interpreta-
——0
ccur_rence tion of the failure modes. The differences in the perspectives of dif-
1.0 «fi=Severity

Detectability

coefficient of variation

failure mode

Fic. 2. Coefficient of variation for the eight sets of occurrence,
severity, and detectability scores.

No. 72, No. 73, No. 82) were found specific for the 4C. Even though
slightly fewer failure modes were identified for the Perfexion, the
failure mode with the inappropriate use of the frame adaptor on the
Perfexion clearly stands out in terms of the risk priority number.

The statistically large coefficients of variation for the 8 set of

scores collected indicate substantial observer dependent differences

ferent professional group on certain failure modes may also
contribute to the variations. The variations in the detectability scores
are in general larger comparing to the other two groups, partly
because detectability is a brand new concept that comes with the
FMEA. Generally speaking, the statistic aspect of the scores could
be improved by increasing the number of qualified scorers in the
study group.

The top five failure modes with the highest RPN scores and the
highest severity scores were used as the starting point for the devel-
opment of a risk based quality management program. Failure mode
No. 65 “frame adaptor not attached properly” was found on both
the riskiest list and the severest list and was of top priority for qual-
ity improvement consideration. On the Perfexion Gamma Knife unit,
the accuracy of the radiation dose delivery relies heavily on the
appropriate use of the frame adaptor, which is the only component
between the patient head frame and the robotic patient positioning
system. Unlike the previous models of the Leksell Gamma Knife,

patient positioning on the Perfexion is fully automated and the

TaeLe 3 Failure modes with the highest RPN scores for Gamma Knife Radiosurgery.

Potential failure

No. Step modes failure

65 Frame adapter
attachment

Frame adapter not
attached properly

1. Inadequate

2. Personnel
omission

Bad fiducial box
assembly

1. Lack of
standardized
procedures

2. Personnel
omission

3. Inadequate

7 Frame/fiducial box
check

training/orientation

73 Final check Inserts/plugs not 1. Personnel
secured omission
2. Lack of double
check

38 Image definition/
levelling

Inadequate leveling

Potential causes of

training/orientation

Inadequate training

Potential effects of Notes and examples of causes

failure RPN and failures
Inconvenience 122.55 On the Perfexion, the frame
Inaccurate dose adaptor should be attached
delivery properly. Failure to do so may
result in an interruption in the
treatment process or an
imperfect dose delivery. Elekta
has a field notice about this.
Inaccurate volume 61.70 A fiducial box is not assembled
Inaccurate dose correctly, i.e. screws are loosen,
distribution frontal/back or left/right pieces
Imaging may need to are switched etc.
be repeated
Interrupted treatment 60.38 An insert or plug is not firmly
attached to a helmet. The insert/
plug drops during a treatment.
Cause the treatment to stop.
Wrong volumes 59.72 Images are not levelled
appropriately. The boundary of a
treatment area is blurred. Certain
areas are overlooked because of
poor image contrast.
Inconvenience 48.71 There is a mechanical failure in the

28 Machine daily QA Undetected 1. Lack of
mechanical failure standardized
procedures.

2. Human error

Delayed or partially
completed
treatment

treatment unit (APS problem,
helmet micro switch problem,
helmet hoist malfunctioning,
sector switch malfunctioning,
couch problem etc.) but not
identified during the morning QA
process. Treatment can not start
or may have to be stopped in the
middle.
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TasLE 4 Failure modes with the highest severity scores for Gamma Knife Radiosurgery.

Potential failure

Potential causes of

No. Step modes failure
61 Plan export for Wrong plan exported Personnel omission
treatment
72 Final check Wrong plug pattern 1. Personnel
omission
2. Lack of double
check
17 Patient positioning/ Unsecured imaging 1. Personnel
immobilization adaptor inadequately trained
2. Inadequate
materials/tools
1 Create paper chart/ Incorrect patient ID Errors in manual

eChart

data

entry, most likely
causes:
1. Omission in entry
2. Human
transcription error
3. Miscommunication

Potential effects of
failure

Very wrong dose
Very wrong dose
distribution
Very wrong volume

Wrong dose
distribution

Inaccurate volume
Inaccurate dose
distribution

Very wrong dose

WiLEY-¥

Notes and examples of causes
and failures

This is highly unlikely for the
recent versions of the planning
system because only an approved
plan can be exported. There are
not many reasons to have several
outstanding approved plans at a
time in the Gamma Knife
planning system.

The plug pattern is not put in
correctly.

Artifacts in images. Re-imaging
may be needed sometimes.

Patient name is typed into the
hospital database incorrectly.
Information is requested from
another department for a
different person who actually
exists. Information for the wrong

65 Frame adapter
attachment

Frame adapter not
attached properly

1. Inadequate

2. Personnel
omission

stereotactic coordinates for each shot cannot be visually verified by
human eyes. Therefore, every effort should be made to ensure that
all patients are attached to the treatment couch perfectly and
secured in position during the course of their treatment because of
the high detectability score of this failure mode. As per our QA pol-
icy, the proper functioning of the frame adaptor should be checked
by a physicist during the morning QA process in conjunction with
the focus precision diode test. The frame adapter should be applied
to any patients by a clinical staff member according to the following
rules: (a) always assure that the three metal latches are at a right
angle with the frame adapter; (b) never force the plastic lever in
place if it meets significant resistance when turned; (c) ensure that
the plastic lever is completely flush with the frame adapter and that
no angulations are present. As a result of this study, we imple-
mented a policy that requires a physicist to visually check the gap
between the frame and the frame adaptor, the position of the lock
and the latches before each treatment. The physics staff is also
required to apply some force to the frame adaptor to ensure that it
is firmly attached to the treatment couch. We also communicated
with the manufacturer about the result of this investigation and
emphasized from the user point of view the importance to refine
the locking/docking mechanism of the frame adaptor.

training/orientation

patient is sent back. Suboptimal
dose prescribed.

Inconvenience 7.75  On the Perfexion, the frame
Inaccurate dose adaptor should be attached
delivery properly. Failure to do so may

result in an interruption in the
treatment process or an
imperfect dose delivery. Elekta
has a field notice about this.

Our physics QA process was reviewed and revised to address
failure modes No. 28 “undetected mechanical failure” and No. 7
“bad fiducial box assembly”. On the Perfexion, the docking of the
frame adapter at the 70, 110 degree Gamma angles was added to
the morning QA check in addition to the 90 degree gamma angle.
On the 4C, the frequency of the helmet micro-switch tests for all
the four helmets was changed to weekly from monthly. A step was
also added to the physics morning QA procedure to check the integ-
rity of all the image boxes to be used, including the liquid in the MR
fiducial box, the fiducials and the orientation markers on the
CT/Angio boxes.

Failure modes No. 73 “inserts/plugs not secured” is related to the
use of plugs on the Gamma Knife 4C for certain treatments. A plug
pattern is usually generated for a specific helmet during the planning
process and all the plugs are subsequently put in by a clinical staff
member manually according to the treatment report printout. Previ-
ously our protocol was to have a second clinical staff member to visu-
ally verify the plug pattern and check the firmness of the plug
positions using his/her hands. To reduce the occurrence of this failure
mode, a second round of checks by a third staff member was added.

To reduce the potential damage from failure mode No. 38 with

inadequate image leveling, a mandatory neuroimaging in-service on
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the basics of the MR, CT, and the Angio imaging techniques was
given to all clinical staff. A policy was also developed to require at
least one T1 weighted image series and one T2 weighted image ser-
ies for any MR based treatments, so that targets and critical struc-
tures can be drawn on different image sets and cross-checked when
necessary.

Several of the failure modes with the highest severities scores
did not get high RPN scores because of their low scores in both the
occurrence and the detectability. The reason was that many QA pro-
cedures had already been developed and implemented over the
years to prevent these dangerous failure modes from happening.
These procedures include patient ID double check, plug pattern
check, and image adaptor position check etc.

It should be pointed out that the present study was conducted
for the Gamma Knife radiosurgery procedures as performed at our
institution. The results of the risk prioritizing process, the details of
the failure mode table, and even the layout of the process tree might
be different for other institutions, even though the bulk part of the
FMEA should be the same for all Gamma Knife facilities.

5. | CONCLUSIONS

We have performed a FMEA study on Gamma Knife radiosurgery
based on our experience with the treatments of more than 600
patients annually. The implementation of the FMEA approach was first
an important self-learning process that enabled deeper understanding
of the radiosurgery procedure among all professionals involved in the
care of the patient. The identified weaknesses in the overall process
were the primary target areas for the development of a risk based

quality management program for Gamma Knife radiosurgery.
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