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Learning Objectives: Focus on ¥?Ir HDR

Radionuclide properties and their clinical applications

Brachytherapy quality assurance strategies
— TG-100 approach to patient-specific HDR QA

Brachytherapy dosimetry principles and practices
—Measurement of brachytherapy source strength

— Evaluation of dose rates around individual brachytherapy
sources

—Implications for QA program
Dr. Thomadsen’s Topic: brachytherapy treatment

planning- the art of arranging multiple sources in
various clinical settings



How do physical radionuclide properties determine
their clinical applications?

energy, half-life, specific activity
 Dose rate:
— High: >12 Gy/h
— Low: 0.3-1.5 Gy/h
— UltraLow: <0.2 Gy/h

« Mode of delivery: Interstitial, intracavitary, surface
 Dose control mode: temporary, permanent

e Source transport mode: hot loaded, manually
afterloaded, remotely afterloadec

« We will consider high dose rate (HDR), temporary,
remotely afterloading implants




Understand this Table

TABLE 22.1 PHYSICAL PROPERTIES AND USES OF BRACHYTHERAPY RADIONUCLIDES

Element Isotope Energy (MeV)

Half-Life

HVl-lead (mm) Constant® I';

Exposure Rate
Source Form

Clinical Application

Dbsolete Sealed Sources of Historical Significance

Radium “Ra 0.83 (average)

Radon “Rn 0.83 (average)

Currently Used Sealed Sources

Cesium ¥is 0.662

Cesium U(s 0.030

Iridium = 0.397 (aver-
age)

Cobalt ey 125
lodine =] 0.028
Palladium e 0.020
Cold =980 0412
Strontium,Yttrium 05—y 2.24 B

Developmental Sealed Sources

Americium “Am 0.060

Ytterbium b 0,083

Californium 3 6] 24 (average)
neutron

Samarium *Sm 0.043

HVL, half-value layer; LDR, low dose rate; HDR, high dose rate; LET, linear energy transfer.

“No filtration in units of R - cm® - mG™ - ™.
®0.5 mm platinum filtration; units of R - cm? - mg™" - h
“1.0 mm platinum filtration; units of R - cm® - mg™" - b~

1,626 years

3.83 days

30 years
9.60 days
738 days

5.26 years
50.6 days
17 days
2.7 days
28.9 years

432 years

32 days
2.65 years

340 days
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6.5
0.030
&

012
0.48

0.060

825t Tubes and needles

X

825 (as encapsulated in
gold tubing

Tubes and needles
Seeds

Seeds in nylon ribbon;

metal wires
Encapsulated source
on cable
Encapsulated spheres
Seeds
Seeds
Seeds
Plaque
Seeds

Tubes
Seeds
Tubes

Seeds

LDR intracavitary and interstitial

Permanent interstitial
Tempaorary molds

LDR intracavitary and interstitial

LDR permanent implants

LDR temporary interstitial
Intravascular brachytherapy; cardiac
HOR interstitial and intracavitary
Intravascular brachytherapy: peripheral
HDR intracavitary

Permanent interstitial

Permanent interstitial

Permanent interstitial

Treatment of superficial ocular lesions
Intravascular brachytherapy

LDR intracavitary
HDR interstitial
High-LET LDR intracavitary

LDR temporary interstitial

Williamson, Li, and Brenner, PPRO 6t ed



Influence of Photon Energy On absolute Dose Rate
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Effect of Energy on Penetration
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Low Dose-Rate Intracavitary Brachytherapy

e Cs-137 sources:
— Ceramic core (low toxicity)

— 662 keV photons (radiation
exposure management )

— 30 year half life (10 year life)
—Low specific activity (LDR only)

| 3M Model 6500/ ¢
1977 - 1991




High Dose-Rate Brachytherapy

Single-Stepping source remote afterloading

The source can be programmed in any one of 48 positions within each applicator

48 positions of 2.5 mm = 12 cm 5 . .
- - Distal end of treatment can be anywhere in last 28 cm of the applicator.  »
or 48 positions of 5.0 mm = 24 cm

Patented in many countries.

[---- 2.5 mm —--‘

Ir-192:. Half life = 73.8 days, mean energy = 397 keV
Very high specific activity

HDR Ir-192 source: Sy = 4.08 x10% uGy m? h-t

Ir-192 also used for LDR interstitial implants



Trans-rectal Ultrasound-Guided Perineal
Permanent Prostate Implant
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. Figure &: X-ray showing uniform distribution
Ultrasound Image | ul rasound-guided implantatbon

Isotope | Half-Life | Energy | Dose rate
-125 |59.6 days | 28 keV | 7 cGy/h

Pd-103 17.0 22 21
Cs-131 9.7 £10) 36
Au-198 2.7 412 105

» Patient’s tissues effectively shield staff and public from exposure



High Dose-Rate Brachytherapy

The source can be programmed in any one of 48 positions within each applicator

48 positions of 2.5 mm = 12 cm :
s Distal end of treatment can be anywhere in last 28 em of the applicator. -

or 48 positions of 5.0 mm = 24 cm

Patented in many countries. - 2.5 mm—»

e Greater potential for high-severity medical errors
—  degrees of freedom (dwell times & positions) = more
error pathways

—Insertion, planning and delivery in few hours = stress on
staff

— Source detachment = 20 mm diameter sphere receives
dose of 750 cGy/min



Quality Assurance Taxonomy

— Do applicators, afterloaders, sources, planning systems work
properly?

— Commissioning/acceptance testing
» ldentify malfunctions/test users’ beliefs
» Transform physicist into expert user
» Integrate device into clinical program
— Periodic QA protocols
» Device still function within specs? Users’ beliefs still valid?

— During individual patient treatments: prevent treatment
delivery errors and high risk scenarios



Quality Assurance Fundamentals

 Accurately deliver dose distribution desired by
radiation oncologist

— Clinical intent correctly translated into prescribed dose
and normal tissue constraints

—spatial-temporal accuracy:. correct sources placed in
prescribed location for prescribed time

—accurate dose delivery
e Specific endpoints
— Positional accuracy (x 2 mm)
—Temporal (timer) accuracy (x 2%)
—Dose delivery accuracy (+ 2-20%)
— Safety: Patient, staff, public and institution



Safety Endpoints

e Protect staff and public

—Uncontrolled areas: <0.02 mSv/h regardless of
occupancy (10 CFR part 20)

— General public: <1 mSv/y to any person
— Staff: <5 mSv/y per ALARA

 Protect patient from catastrophic errors
—Verify all critical “decision points”
—Verify interlocks/ error detection systems
— Emergency and error recovery procedures
e Institutional protection

— Complete/accurate records
—Adhere to/document compliance to CMMS and 10 CFR 35



Example: Risk-Informed QM Formulation for

Brachytherapy

e Scenario: Accelerated partial breast irradiation using
multi-catheter balloon HDR brachytherapy applicator

— CT-based evaluation and planning
— Multicatheter balloon applicator, e.g., Contura
— Automated plan transfer but not full EMR charting

e “Standard” QA practice
— Fixed, one-size-fits-all prescriptive QC protocols
— Strong physics-centric focus on device QA
* Risk-informed QM practice: TG-100
— Multidisciplinary
—Focused on processes not devices
—Uses formal risk analysis tools to create customized QMP

14



Image-Guided Balloon Catheter Placement
Accelerated Partial Breast: MammoSite HDR BTx

Intraoperative Ultrasound Intraop/PostOp CT
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Contura Multi-Cath Balloon Applicator

Mismatch errors
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TG-100 Risk Analysis Steps

e Steps
1. Define process by creating a process map

2. Failure modes and effects analysis (FMEA): ldentify threats
to success (faillure modes) and rank according to risk

3. Fault-tree Analysis (FTA): Propagation of failures through
system and placement of QM interventions

4. Develop QA or QC interventions to mitigate risk

17




TG-100 Risk Analysis Steps

e Process Map: Step 1

— Delineate and then understand the steps in the process to
be evaluated

—Visual illustration of the physical and temporal relationships
between the different steps of a process

—Demonstrates the flow of these steps from process start to
end

e prospective risk analysis for hypothetical clinical
nrocess modeled on VCU and UW-Madison
nrocesses

—Assumes NO QA or QC checks
— Partial automation of EMR and data transfer
—4 physicists did ranking (Ibbott, Thomadsen, Mutic, JFW)

18



Breast Brachytherapy Process Map

Pre-Implant
Preparation

Patient database
information entered

Review of patient
medical history

Decision of treatment

| Determine implantation technique
appropriate p!

post-procedure imaging

< Assemble, sterilize applicator

kit and accessories

e |dentify patient

room,

¢ Position patient on procedure table

Post-procedure
CT imaging

Physical plan
review

Check that dose distribution
satisfies prescription

———
< Check that previous treatments
were accounted for

¢ Check normal tissue are
within tolerances

technique

| e Idenitify/localize treatment site
tify patient

< Import images into
planning computer

—

| Applicator placement

Consultation
and decision to treat

RTP anatomy
contouring

lg—— Segmentation |l — Check balloon leakage

and visibility
Fluoroscope or
Ultrasound positioned
|@=— Import images into planning system Vary contrast concentration
if needed
e Identify and B ists, P LA | Patient positioned in room

|——Identify patient
Initial treatment

Treatment planningl

g— Data into electronic Check plan for quantitative Subsequent
Database 4T Patient positioned ¢ consistency treatments
N N Set applicator rotation Y]
Data into written X Initial treatment »!MD plan approval l€—— scheduling
chart Patient prepped planning directive —_
[ = Identify patient
Information on previous Insert x-ray markers Checkf:all)loon for
or concomitant treatment y Check plan l—
. Special Instructions identity leakage
= Secure applicator l@— (pacemakers, allergies, | = Program treatment unit
Imaging and preps, etc.) Check version
diagnosis ¢ Obtain images < of the plan [ Varify program
4 R A t for i Connect transfer
< MD reviews images ¢ or chemotherapy c“ef_"f_’":“ 4 {bes to applicator
l— satisfie
| Modify rotation if needed s fy d | " \ objectives = Check balloon rotation
—p] I | = Specify dose limits and goals ieati "
| @———<= Measure catheter lengths s mitial quidelines f Write final = Communication equip on
s uggest initial guidelines for ite Tii | = Run treatment
¢ Images transferred [ " " catment parameters [ prescription .
to planning computer | = Documentation
) 4 A 4 y A y A A A -
¥ T RN | ¥ 5 F »[Successful treat
planner i | = Documentation
e . |@— Evaluate plan
Intraoperative documentation Specify CTV Margin |l — Compacrle t_rehatrlnent
Protocol for CTV = Enter prescription record with plan |@——  Dosimetry
Diameter of balloon margin [— Run treatment l—— Physics
' o " Communication equipment
Volume of fluid CTV construction Op!rmlzatlonlDos.e calculation | (intercom, display monitor) on l— MD
Scheduling for ¢ Fill balloon with contrast/saline ¢ Delineate ROls and Optimization settings < Check balloon
planning process Mixture planning structlures Manual reoptimization rotation |Treatment reviewl
| ——— Insert deflated balloon in Protocol for delineation | = Dwell position construction l¢— C°“"t°::"al'i‘:;:;:“bes 'y
center of cavity of targets PP
/ delineate . QT Program treatment unit
Decision of protocol | @ Create access incision applicator |—— Catheter localization/labeling Import patient file




TG-100 Risk Analysis
Step 2 FMEA

e Step 2a: For each process step, ask the following
guestions

—What could possibly go wrong ? (enumerate/ describe failure
modes)

—How could that happen? (what are possible causes of FM?)

—What effect would such an undetected failure have? (Potential
iImpact on quality)

o Step 2b: Assess risk of FM by estimating O, S, and P
 Present analysis: 96 Failure Modes

20



ep 2a: enumerate
Failure Modes

Process tree

Sub-process
#17

1

Sub- pr'ocess
#19

Sub- pr'ocess
#1

Causes of failur'e #1 Causes of failure #6 Causes of failur'e #m
1

Effects of failure #1 Effects of failure #4 Effects of failure #n
s



Assess Risk Posed by Each FM
Step 2b
 For each subprocess, enumerate the possible

scenarios, i.e., Failure Modes (FM), that could lead an
unsuccessful treatment: 96 FMs

—ldentify causes and effect on process outcome
» Assess risk to successful outcome posed by each FM

{Likelihood of} { Severity of } {Likelihood Error }
X X
Risk =

occurrence consequences Not Detected

O S P
Risk Probability Number = RPN=0OxSxP

—Assign O,S, and P a value from 1-10
—4 Observers: Ibbott, Mutic, Willlamson, Thomadsen
— Significant additions/modifications by JFW

 Reorder list in terms of descending RPN 22



TG-100 FMEA Rating Scales

Table 9-5. Descriptions of the O, 5, and D values used in the TG—100 FMEA

Score Occurrence Severity Detectability
(O) (S) (O)
Chuzhitative Frequency, %o CQuahitative Catezgornzation Eztimated
probability of
fanhire zomms
undetected. %=
1 Fahoe unhkelw 0.01 Mo effect 0.01
2 0.02 Inconvemence Inconvemence 0.2
3 Felatively few 0.05 0.5
g | Tl 0.1 Minor dosimetric | Suboptimal plan. | 1.0
e1Tor or treatosendt
5 <2 Linmted Tm:u:tt} or "..1i:-‘11:|-1:g d_m.e. dose |2.0
& | Occasional faibues | 0.5 mumor underdose | distnbution, 50
location or volume
[ o | Potenhally senous 10
— - toxacity or homor -
2 Fepeated fanhmres 2 anderdose 15
o =3 Poz=zible very sen- | Very wrong dose, 20
ous tococity or dose distmbuhon,
tumsor underdose location or volume
10 Falures mewnitable | =5 Catastrophuc =200




Culluinicu
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Major Processes

Imaging and
diagnosis

Imaging and
diagnosis

Step

RO reviews EMR prior
to RO consult

RO reviews EMR prior
to RO consult

Potential Failure
Modes

Med O nc or Surgeon
consultation

mis interprets or

mis repres ents primary
clinical findings (
imaging studies, path
reports, etc);
incorrectly stages
patient, and
recommends BCT and
AP BI for patient that
is not appropriate
candidate

path or biomark er
reports is incorrect due
to mislabeling of
surgical specimenor
biomarker re port .
Hence patient is
understaged and
inappropriately offered
BCS by Med Onc and
Surgeon

Potential Causes of Failure

RO bases Tx recommendation on
secondary MD reportrather than
reviewing primary clinical findings
and discovering the upstream error

RO recommendation for AP BI is
fully consistent with prior EMR

JFW Comments and descriptive
scenario

Upstream physician error
potentially discoverable by Rad
Onc since primary clinical data is
available We should recommend
that the RO performs their duties
diligently .

Potential Effects of
Failure

wrong/very wrong dose
distribution

AVG O

AVG S

AVG D

Avg RPN

5.00

8.25

550

269.3

First 6 Faillure Modes

An error not easily discoverable by
Rad Onc Based onthe worse
case.

Very wrong dose

Patient database
information

P atient Database
Information

Entry of patient data in
RO EMR or written
chart

Entry of patient data in
RO EMR or written
chart

Incorrect patient ID
data

Correct patient ID data
but clinical
findings/images from
wrong patient loaded
into RO EMR

Documentation error

Omission in entry, incomplete
patient history

Wrong patient ID leading misfiling
of demographic and clinic al data

from hospital DB; identification of
wrong patient

Incorrect clinical findings leads to
faulty decision to treator
downstream peer-review correction

Very wrong dose

Very wrong dose

Consultation and
decision to treat

Decision of treatment
technique and protocol

Clinically inappropriate
patient selected for
APBI

misinterpretating of clinical
findings incomplete H&P

Even though upstream clinical
data are correct, Error by RO
assessingindications and
contraindications to APBI., e.g.,
SLN+ with Surg untreated axilla.
RO misrepresents or neglects key
finding and offers inappropriate
treatment plan to patient

Very wrong dose

Consultation and

Decision of treatment

decision to treat or technique and protocol

imaging/diagnos is

or imaging/diagnosis

patient with
radiographically too

large or closed seroma

cavity selected

RO error in interpreting imaging
studies; inappropriate imaging
used; or poor imaging quality

JFW: New failure mode

Very wrong dose if not
detected; more likely
major inconvenience or
infection from
unnecessary invas ive
procedure

4.25

3.00

5.00

4.25

4.75

8.75

8.75

7.75

7.75

6.25

8.25

275

3.75

7.75

4.75

309.5

70.0

154 .5

252.8

140.3




ir Processes

Step

Potential Failure
Modes

Potential Causes of Failure

JFW Comments and descriptive
scenario

Potential Effects of
Failure

245 0

AVG S

2G D

Av g RPH

lal treatment

Connect transfer tubes
to applicator:
mutticatheter

Channel and applicator
numbers not matched

Inadequately trained personnel,
inattention, poar inter-disciplinary
communication

Wyrong dosefistrnbution

b sequent
reatments

Docurmentation of
patient changes

Patient implant
geometry changes

Lack of standardized procedures,
inadequately trained, inattention

Scenatio; applicator position or
diarneter changes due to leakage
but is not detected since no daily
verification imaging performed
Cirnit Shd from av erage since no
SCOFE GIYEr

YWtong dose

ment planning

Dwell position
construction

Systematic treatrment
length error fwrong
transfer tube length,
werong sounding
information, wrong
dwell spacing)

Inadequately trained personnel,
Commissioning or periodic device
1A,

Example: clinic planners are
Unaware that Warian CQuickConnect
requires 14 mm correction. Many
patients treated with large offsets of
treated from intended dwell
positions

“ery wrong dose or
position

procedure CT

Catheter lacalization

WWrong catheter
position; Catheter
indicators not inserted

Inadeguately trained personnel,

Catheter sounding measurements
(distance from channel distal tip to
ihdexer reference plane) are

“ery Wrong or wrong
dose

irmaging ull lack of attention inaccurate or erroneously recorded. e s
¥ “ery serious dose delivery error if 4
mare than 2-3 mim.
T JEWY Agsume that distalmost
Catheter Cath : Wrging cathleter _sllcde PHRE S, | position where treatment length
ment planning | localizationflabeling: AlNele ARy | i dnali el HEec PRy sRtines, positioh and which dwell position is |Wrong dose distribution

mufticatheter

inaccurately localized

poor inter-disciplinary
comimunication, inattention

to be no.1 (distalmost active dwell)
are independent decisions

lal treatment

Run treatment

Incorrect halloon radius

Leaking balloon: Assuming no

WETITIC

wirth

ation imaging perforrmed

each fraction

Wyrong dose, Wrong
dose distribution

ial treatment

Connect transfer tubes
to applicator

YWrong length transfer
tube

Inadequately trained, inattention

naging and
diagnosis

RO reviews EMR priar

RO imendation for &PBI 1=

; R
fully consistent with p

Still & potential source of large
error, since transfer tubes are not
electronically |D'd

“ery wrong dose
distribution

2.75

567

5.00

52.50

475

425

475

8.25

4.00

8.50

§.50

§.00

8.25

9.25

8 Highest Risk FMs

Anoerror not easily discoverable by
Rad Onc Based on the worse case.

“ery wrong dose

425

8.75

B.75

.33

8.25

.00

3.00

a8.25

B.75

8.25

374.0

369.7

348.8

7.3

326.5

318.3

310.5

309.5




Fault Tree Analysis and Designing QM interventions
Steps 3and 4

o Step 3: Create Fault Trees (optional)
—Time consuming: Limit FTA to selected FMs

—Visualize interactions between FMs possibly in different
process tree branches

—JFW: helped me refine list of FMs and scenarios

o Step 4. Design QM intervention
—Rank FMs according decreasing risk and severity
—Mark high RPN/S FMs on fault and process trees
—FTA guides optimal placement of intervention

— Design intervention: balance cost, specificity, sensitivity and
benefit

26



Fault Tree Analysis
Step 3: TG100 risk analysis methodology

FTA compliments process tree

Leftmost box is the failure (error)

| ® Each daughter node is a FM that

could cause the error
Saloulation S Works backwards in time (to the
: - gorithm
-

right) until root cause is reached
| Models propagation of error through

system

® ‘OR’ means error occurs if any one of antecedent FMs occurs

®* ‘AND’ means all antecedent FM’'s must be realized for error to
occur

27



Post»proce_dure C:rz:gpelrr:ﬁzg;rg:g 25

" " " | ©"imaging récording

error
Catheter pr——
localization — atheter indicators
ﬂ_’i failure or not inserted fully 26
or Soundi ‘

F I \ ounding

a. u t r e e measurement error 26
aa Poor quality/ qur)g catheter
Nem-PeefieE] incomplete 23,24 position Marked 25
Failure Modes ;
images

Distal-most dwell
location

assumed =

Dwell position

construction |

failure
R F Treatment length
. e | eV an t M S Channel incorrect (wrong

Mismatch transfer tube
length, wrong

scattered across (EEm g
location due to q distance is d information, wrong

L A dwell spacin
source position incorrect Racing)

e No QA/QC
QA/Q -
@
at least 4 process e
@
@

Inadequately
trained personal

Default distances
used
Equipment failure

Systematic offset
Commissioning

inaccurate
Catheter trajectory Wrong catheter
t r e e b r an C h eS Applicator in Treatment inaccurately slice images
wrong location planning q localized
Error Inadequately

e [nteractions

Incorrect catheter
number asssigned

Single or multiple Poor labeling on
catheter failure photographs

Poor image quality
7o
Initial treatment
failure
Rank RFM Step# Process Step Wrong data file 70. 71
imported ! !
, s Software fail
#1 i74 Ta Imitial treatment Connect transfer -
" Inconsistency
tubes to applicator Program between treatment
treatment unit program and N
. . failure default operating
Fif: Channel and applicator mumbers not matched parameters
Non-Positional
Felated FMs: . _ Failure Modes
£1 (FPM 349; rank 3} Systematic emror in treatment length computation q
16 (EPM 347; rank 4): Erors m catheter sounding meamurernents
46 (RPN 328; rank 5): Inaccurate catheter localization 75
78 (BEFM 310; rank 7): Incowvect length transfer tube selacted
S0 (RPN 288 rank 13): Dhstal-mest dwell posifton inaccurately localized: wrong e [ Channel and
offset tubes to applicator numbers 76
- _ ) 3 : . . applicator failure not matching when
25 (BPN 534: rank 15): Fandom emver n treatment length computation ST (eRE
51 (EPM 2381; rank 16): Dhstal-most dwell posihon mmacewrately localized: poor tubes to applicator
mage quality
47 (BPM 288; rank 14): Catheter trajectory localization ervor In?;;f:i::;?er 86
86 (RPHM 302; rapk 10): Incoorect balloon rotation: inmtal treatment
49 (RPN 278; rank 17): Multi-catheter locahization exror from poor image quahity Non-Positional
Failure Modes
N




Positional Accuracy

 Each active dwell position delivered to correct
location Iin correct applicator within £ 2 mm (TG56)

e “Correct” = Designated treatment positions in
plan coincide with radioactive source center during

delivery
—actual source center = position of radiographic dummy
marker
—HDR unit ejects correct cable length into programmed
channel

— Structured set of tests for each applicator type

» transfer tube length
» HDR source-dummy seed coincidence



Positional Accuracy:
HDR BTX

Source center accurately
transported to planned
position

Dwell position
localized in CT




Post-procedure

Source Positioning Error " imaons

Fault Tree W )

il

 Error types SR
—Channel mismatch '

—Incorrect Tx length

Dwell positior
construction

—Incorrect step length fllurs
Channel
Mismatc [ L

* Top level causes — —
: . ocation due 0 | o | e e <=
—_ POSt procedure |mag|ng source position \ incorrect
error e |
—Tx Planning error e slaming |+ C

—Error in treatment setup =
Or deVice programming Single or multipl

catheter failure

Initial treatment
failure




Post-procedure CT imaging Localization Errors

e Incorrect information /poor images = Dwell position
programming error

— Channel numbering or documentation
— Catheter length measurement
— Imaging performed with incorrect marker position

« QM interventions

— QC.: second therapist assists with measurements
— QA: Independent check of localization data before patient leaves imaging

Physicist/dosimetrist
check images failure Assisting therapist

misses errors

i Channel numbering
POCSt procedure Catheter error: marking or
T imaging localization

_ recording
error failure

Catheter indicators
not inserted fully

Adequate QM program for

Sounding planning and afterloader

measurement error

" Poor quality/ Wrong catheter
NEm-FosiifamE incomplete position Marked
Failure Modes -

images

systems



Post-Procedure Imaging
Localization steps

HDR Catheter Length QA

Physician
lient Name : Resident

Patient ID Physicist

Breast { Lefi) or  Righl Date

Please take a piow ul ine celheters
Label clearly
Left ! Right
Head / Feet

Cut Measured | CT image | Calculated Add
Catheter Catheter Qutside Inside Total E2.4 cm to | Catheter
Length Length {cm) Length Length Cut Length

[
poal
-

For COOK catheters only - v Cmved o
WERIFY: {CT inside length) + (Measured oulside length) = (Cul catheter length)

SET: (Applicator length) = (Cut catheter length) + (Cook extander length B2.4 cm)




Localization FMs: Treatment Planning

erer e ate
not inserted fully

Adequate QM program for

Or -
“ Seuiig planning and afterloader
measurement error
systems

Non-Positional Poor quality/ qur)g catheter
- incomplete 23,24 position Marked
Failure Modes

images

Distal-most dwell Inadequately
location trained personal

inaccurately
Poor images

digitized
Dwell position
construction |
failure N
Default distances

Treatment length
incorrect (wrong used

transfer tube
length, wrong Equipment failure Treatm ent

Physicist check i rriofinim\?/r m 5 ]
plan failure MG, TG Systematic offset : |eﬂgth
dwell spacing) Commissioning

52 failure

Catheter trajectory 46 qung.catheter
Treatment inaccurately q slice images
planning localized
Error Inadequately
trained personal

.

Single or multiple
catheter failure

Poor labeling on
Incorrect catheter photographs

number asssigned
Poor image quality

Operator check

e Catheter trajectory delineation error

— Dwell 1 length error
» Systematic positional offset error

— Dwell position digitization error
« channel mismatch error




Example: Systematic Offset Error

e Systematic source positioning
error: caused by invalid
treatment length estimation
protocol

e Varian “quick connect” indexer
Interface

—14 mm offset compared to
standard transfer tube connector
with usual transfer tube-applicator
combination length measurement

— No Software offset or hardware
Interlock initially provided




TG-56 Structured HDR Positional Accuracy Tests

INTERSTITIAL

L1 (programmed length) = 1500
mm

4

transfer
tube / -

Compare

for

Coincidence

Radioactive Source
Programmed
to 1500 mm

|‘_ Tube Length: L (1218

mm)

/

indexer
reference
L1=0.0

transfer
tube

|—— Tube Length: L (1218

mm)

dwell 1 (1500

positi

mm)

Fully Inserted Radiographic
Marker

d i Dummy Insertion
Depth

Applicator
Orfice




Mitigating RTP Localization FMs

arCeto
not inserted fully
Adequate QM program for

el - Adequate device QA:
— Maintain image quality

— Eliminate offsets and
owetpostion | incorrect default
parameters

— Consistency of procedure
with device function

Catheter trajectory
inaccura tely

trained persona

 Implement well-defined, rigidly followed procedures:
— Adequate patient volume

« QC: use only one transfer tube length & use equi-length
catheters

 QA: Final physics plan review focus on dwell position -



Assisting therapist
misses errors

Physicist/dosimetrist
check images failure

Mitigating Source

Post-procedure Catheter C:ﬁg:elmnaurmggrg:g 25
- - - —1 CT imagin izati : |
ging localization recording
OSItIOIg rrOrS “m fa”‘ure
7 Catheter indicators
not inserted fully 26
i ! Adequate QM program for
SO 26 planning and afterloader
measurement error SySiEmE
Poor quality/ qur]g catheter 25
incomplete 23,24 position Marked
images

Distal-most dwell
A a - - - A ocation
@ inaccurately

digitized

Inadequately
trained personal

Poor images

Default distances
used

Equipment failure

Dwell position

. ' ' . construction
failure
Treatment length

Channel incorrect (wrong

Mismatch transfer tube

length, wrong
sounding

Catheter trajectory 46 d

Units length Ph
q A y st check q . -
or distance is plan failure information, wrong Systematic offset
incorrect dwell spacing) Comfmllssmmng
52 ailure
| ) Unit step size
. . @, inaccurate
Wrong catheter
Applicator in Treatment inaccurately slice images
wrong location planning localized
. Error Inadequately
trained personal
) - . ) y Poor labeling on
L/ catheter failure photographs
Poor image quality
C - iti o t heck 49
CA Initial treatment perator chec

failure failure: imported
parameters vs.

0 D1ld C =

Wrong data fi
imported

Software failure
Inconsistency

between treatment
Program program and | a—
treatment unit default operating 73 nnatention

. failure parameters

Non-Positional
Failure Modes

Wrong length
transfer tube 75

'a N L /\ Connect transfer Channel and
tubes to applicator numbers
applicator failure not matching when 76

connecting transfer
tubes to applicator

Incorrect Catheter
Polar rotation
Non-Positional
Failure Modes

Failure:
Physicist & MD
final setup check

86




Dose Calculation FMs

12 203 54 Treatment planming Optimization

FM: Optmuzation method, dose-point locations, prescribed dose, and other
reatment goals specified incomecily

Felated FAIs:
55 (BPI 247, rank 300: Fandom eniry ermmor i sethng optmization paramebers
(BPT 263; rank 20): Wrong source strength
§ (RPN 260; rank 21): Dose caloolafion emor
(FPT] 260, rank 22): Prescribed dose specified to wrongz stmicture
(FPT 230; rank 36): Planner wses praphical tools to shape prescription
1zodose failing to note that other plannime goals are violated

Wrong source, decay correction, or units
Wrong dosimetric parameters

Program malfunction

e Input data error

39



Conclusions: formal risk analysis

 Process mapping and FMEA advantages

—Focuses attention on process as well as device failures

—Provides a vehicle for team to work collaboratively to

» better understand the process
» Appreciate each other’s vulnerabilities
» buy into core QM/QI values

— Most expert member gets to fix FM

—Promotes clinical process uniformity so that desired process-
step outcomes get internalized

— Better understanding of device-process interactions helps
physicist prioritize device QA
« Downsides
— Resource intensive to build/use FMEA expertise

—Not a mechanical, one-size-fits-all prescriptive approach:
requires judgment and individualization

40



Dose Delivery Accuracy

(+2%)

—Given a known input, the calculated dose agrees with
algorithm specifications

(+5%)

—Given perfectly positioned source and point of interest with no
error in dwell time delivery then

Dose Delivered = Calculated Dose
(+10-20%)
—Actual dose to patient = calculated dose

—Includes errors due to: source targeting accuracy, organ
delineation error, seed migration, tissue deformation

Inter-society standards for the performance of brachytherapy:
a joint report from ABS, ACMP and ACRO

Subir Nag®*, Ralph Dobelbower®, Glenn Glasgow ©, Gary Gustafsond,
Nisar Syed®. Bruce Thomadsen®, J effery F. Williamson ®

Cntical Beviews in Oncology/Hematology 48 (2003) 1-17




How is strength of clinical brachytherapy
sources determined?

e Answer: In terms of air-kerma rate on transverse
axis for all photon emitters

Output Specification

Conditions

. Large distance d: L <<d,D<<d
. Free in space
- measured in air
- corrected for air attenuation
- corrected for scattering from air, walls, etc.




2004 AAPM Definition of Air-Kerma Strength

S, =K, (d)d? [uGy-m?-h™=cGy-cm?-h™* =U]

K, (d) is air-kerma rate in vacuo due to
photons of energy > 8 (~5 keV), d>>L

Cutoff designed to exclude low-energy contaminant
radiation



NIST Primary K, and S, Standards

 Primary Standard: Maintained by National Institutes of
Standards and Technology (NIST)

— All other instruments calibrated against it

— Measures absolute
amount of a quantity in
terms of time, mass,
charge, length

Fig. 1. NBS-NIST standard graphite-walled. air-ionization cavity chambers.

e Carbon-walled spherical cavity ionization chambers

— Realizes air-kerma standards for Cs-137 and Co-60 for
teletherapy & brachytherapy and for Ir-192 LDR seeds



Source Calibration Options for HDR RAL

« TG-56: in-air method as interim secondary standard

 For quarterly calibration end users can
— Duplicate interpolative in-air calibration technique OR
— Use HDR well chamber calibrated against in-air method by ADCL

. TG 56 recommends mdependent tertiary standardlas

Interim secondary
standard using cavity
ion chamber "

L
il calibrated re- |

entrant well
chamber




Traceability and AAPM Recommendations

AAPM-accredited secondary lab which can
calibrate a user’s source against NIST standards

source/instrument
has NIST or ADCL calibration

source or instrument
Intercompared to a source with ‘directly traceable’
calibration.

—All clinical sources should have secondarily traceable
calibrations

— Each user should verify vendor calibrations with
secondarily traceable Sy measurements



How are dose rates around individual
sources calculated?

By inferring dose rate to surrounding medium from
measured S, of the source
Classical dose calculation (1940-present)
—Dose model parameters independent of source geometry
— Point source model and Sievert integral
Quantitative Dosimetry (1980- present)

—Source model-specific dosimetry parameters derived from
Monte Carlo simulation and/or TLD measurement

—TG-43 protocol: standardized table-based single-source
dose-rate calculation using MC and TLD data

e For 13’Cs and 1°°Ir, classical and guantitative
approaches are equivalent on transverse axis




AAPM Dosimetric Prerequisites for Routine
Clinical Use of > 50 keV Sources
Li Med. Phys. 34:37 (2007)

S, values used for planning shall be secondarily
traceable to NIST WAFAC calibrations

—Annual intercomparisons between vendor, NIST, and ADCLs

* Independent published Monte Carlo and experimental
dose-rate distributions

—For ‘conventional’ 13’Cs and 1°?|r, one determination sufficient
« Compliant sources listed on AAPM/RPC Registry
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HEBD Report contents

e Extension of TG-43 formalism to
higher energy and extended
sources

e Gulidelines for Monte Carlo
determination of dose-rate
distributions

Dose Calculation for Photon-Emitting
Brachytherapy Sources
with Average Energy Higher than 50 keV:

Full Report of the AAPM and ESTRO

Report of the

High Energy Brachytherapy Source Dosimetry (HEBD)
Working Group

August 2012

« Consensus dose distributions: TG-43 parameters and

away-along tables

— 14 HDR and PDR 192|r sources + 2 LDR seeds

— 2 %0Co HDR sources
—3 GYN 13/Cs tubes

 Nearly all datasets are Monte Carlo based



HDR and PDR Sources with HEBD
Consensus Data
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AAPM Revised 2-D Formalism

D(r,9)=SK A -

forx=L G (r,0)=+

G, (r,0)
G, (lcm,n/2)

-F(r.0)-g,_(r)

e B - 5
Lrsin® 1= line-source

approximation

forx=P Gp(r,0)= r=2

Where L =

(r2—|_2/4)_1 if 9 =0°

.

point-source
approximation

effective active length of source

HEBD: Only G, recognized




Starting Point: discrete grid of
dose rates measured by TLD or
calculated by Monte Carlo

« HEBD: Assume full scatter 40
cm radius liquid water phantom

D at {r =1cm
wat

O=m/2
SK

where D, = TLD measurement
S, = NIST-traceable
measurement




HEBD Consensus L values: 1°2lr HDR Sources

Derived from the consensus TG-43 dataset, an away-along dose rate table is presented
(cGy-h'-U™) for TPS quality assurance purposes (Table VII).

Table IV. Dose rate constant for HDR "Ir sources.

Statistical
coredd uncertainty con WG (7 .6}
Source Name (Manufacturer) [cGy-h U] k=1) [cGy-cm®h™. U]
mHDE-v1 {(Nucletron) 1.116 0.9% 1.127
mHDE-v2 (Nucletron) 1.109 1.1% 1.121
V52000 {Varian} 1.100 0.6% 1.123
Buchler (E&Z BEBIG) 1.117 0.4% 1.119
GammaMed HDR 12i (Varian) 1.118 0.4% 1.129
GammaMed HDR Plus (Varian) 1.117 0.4% 1.128
GI192M11 (E&Z BEBIG) 1.110 0.4% 1.121
Ir2 ARS5-2 (E&Z BEBIG) 1.109 1.2% 1.120
M-19 (SPEC} 1.114 0.2% 1.125

Flexisource (Isodose Control) 1.113 1.0% 1.124

Dyt (lo =1 €M, 0=17/2)

2-tan™ (L /2r,)
Lr,

A= ~ (Hen / P)ai - T(r,)

SK,N99




TG 43 Radial Dose Function: g, (r)

Describes

transverse-axis dose Fall- 1 Radial dase function
O.I:.I: . MHDR-v2

* G, -Factor suppresses dose
varlatlon due to inverse
Square IaW fa.” Off ) —@—Daskalov, Loffler &

Williamson

—m— Daskalov&Williamson
unbounded

GL(r,O)
G,_(lcm,n/2) R(r,9) gL(r) 0123456 7 8 910111213 14 15

r (cm)



Task Group 43 2-D Anisotropy Function: F(r,(d)

— Describes angular dose
variation at fixed distance

— G, suppresses inverse-square
dose variation
G (r0)
G (lcm,n/2)

D(r,0)=SK A

D(r,0)-G, (r,x/2)

F8)= 5r 2/12)-G, (r.0)

microSelectron V2 Source




TG-43 Dose-Calculation ‘Algorithm’

 TG-43-HEBD starts with a discrete grid of Monte Carlo
dose rates

e F(r,Q), g(r ), and er,,(r ) table entries correspond to
MC calculation points

e What does RTP do at arbitrary point (r,)?:

—Finds g(r,) and g(r,), etc. at nearest neighbor points
— Calculates g(r ), etc., by bi-linear interpolation

g(r)=[g(ry) - g(rl)]|: }+g(r1)

=1

— Calculate exact G(r,Q) and obtain D(r,Q) from TG-43
equation

e QM: compare RTP single-source dose rates with



Monte Carlo Dosimetry
Techniques

e Simulate photon histories for source
embedded in a water phantom and a
free-air calibration range

e Quantities calculated

ADy, .¢(1,0) (cGy/simulated photon) in water phantom

On Transverse axis for 0.1 to 10 cm distances

As function of polar angle at 5-10 radial distances (0.25 - 10 cm)
ASk = Sk /simulated photon as measured by WAFAC

Calculate Aygc =[




Distance

{cm)

Figure 5. A comparison of the measured and simulated trensverse axis dosc-rate distributions

in water ag a function of distance along the transverse axis of the HDR source,

Anisotropy Functlon at 1.5 cm
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Importance of secondary electron transport for 192|r

=18 |
—— GEANT4 |
- Penelope |

16 =
~ 1 ,Co-60 new BEBIG source 1

[— L - A 1 4 -
'I. F il - ,-.td__‘:_wh T -T'.clr:rf\}'--l:"-i-‘.\'.--l-’“—n% T Ty
d - Sy T - INCIEE - —

¥ e

- Ir-192 new BEBIG source
| TYb-1694140 source

0.8
_Iu i [ i
0 1 2

(a)

Ballester, Med Phys 2009

e <1.5 mm distance, CPE breaks down and coupled
photon-electron MC is needed to achieve 2% accuracy.
Elsewhere Dose ~ Kerma




Bebig HDR Source: F(1 cm,0)

 Very small differences in
anisotropy function for

eGammaMed 12i HDR (ref: 6, )

oM ucletron HDE niw l;lusigrl (ref, 1'1:I

&:Varian HDR newifrcf. 3) | S similar geometry sources
BIJI:I'I'E‘I'P[‘E'F'.‘I;EEE"‘I‘ ...... R N SO

e Various MC codes
(Penelope, PTRAN,
EGSnrc, MCNP) all agree
closely
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‘Classical’ Dose Calculation Model

i « No radiative loss and CPE

Dmed — Kair ) (uen /p)mEd

air

e Then

med
Dmed (r) — SK (uen /p)air T(r)

r2

Alr-kerma strength Sy

med _ratio of mass energy
ar - absorption coefficients

Where (u,, /p)



Tissue Attenuation Factor, T(r)

e Describes competition
between primary
attenuation and scatter
buildup

- ; wl c T(r)=1+£0.05forr<5
| T T T Medelre2 Bl cm when E >200 keV

E | * Often derived from 1-D
transport calculations
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Apparent Activity: A,

« Units: mCi, Ci, Bg, or MBqg
 Applicable to all photon emitting radionuclides
»Commonly applied to 1-125, Pd-103, & HDR Ir-192

 Uses: regulatory compliance and for interstitial implant
dosimetry




Sievert Filtered Line-Source Integral
1D Path-length Model

D(X,y) =Sk - e7HTSCO T(x.5ecH)-dO

1

wat -1
(Hen/p)air i 'je
L-X 0

. P(r8) = P(x.y)

u = effective filtration

e Accurate on transverse axis for
all sources > 100 keV

e Cs-137 tubes: accurately models
2D anisotropy

e Ir-192: >10% errors in 2D
anisotropy function




1D Pathlength Model vs. Monte Carlo
microSelectron ‘classic’ HDR 92|r source

=
=3
L
Tm
1]
-
b
o
-
E
e
(1l

Polar Angle [degrees)

e )bRMS error = 6.9% Williamson [JROBP 1996




Dose Calculation QA

Planning system algorithm: numerical accuracy
—Algorithm output vs. independent calculation

Physical accuracy
—Algorithm output vs. Monte Carlo or measurement
— Sy calibration accuracy

Clinical accuracy
—Image identification and display
— Constructing 3D images from slices

—Forming bit-map or surface-mesh structures from contour
stacks; ray tracing, etc.

— DVH/plan evaluation metric accuracy
— Source/applicator reconstruction from CT or radiographs

System integration tests: dry runs and end-to-end
testing on phantoms 67




Tance XV, Protreatment phyricist raview of HOR treatment pla= and dwell-ties caloslitoss.

Fnd podzt Check mathodalogy
Patient ideztity Compars  patient  comes‘mumbers'dates  prioed  on
prescripeion, simulster rdicgrapks, chart, and lecaliztion
form
Izpeat data As descoibed in axt

Positionz] accuracy:
[ple=t paometry

Plan optimization. process

Diozs calcalation
BECERACT

Climical adequacy

Duaily muamsnt recond

Applicators modeled in teateant plan moetch thess of
opsrating roon: descoptios and i=opla=t diagrem

Varify maichi=g 2zd localization caloulations against
radingraphs if fmsmstitial comenshimi=al implant

Compars actve dwell posidons, dwsll separation, and
traztme=s langth listed o= compufer pla= io localization
form or %o appropmate trertmest plamni=g procedurs.
Compars thoes orthogonal Emensions of inplant meamrsd
fom AP apd [stwral radiographs o comesponding
dimemzions of gapkic pla= Check sadiogreph criantations,
distomicus, magnifications, and gy anglesagainst
reqursesnts for sslected source posiion meccosTuction
Approprizts optimzzation option used

Dioes optizgization and doss specification pommts in correct
locatiee ralating 1o danll positions oz graphic plaz
Expactad isodoss cove paases through dose speciScation
podmis.

CptimiraSon algorthe: predeces expected dismibotion of
dwall waights, covarage of targst voluma, and dismieton
mzg=itnds of bet spets or padphesal/cinzzl

minirwemn doge radio. Implane quality pampatrs derved
fom dese-volmne histograses, if available 2=d prendously
validared, shonld ks chacked.

(R AK) doss ratio flls withi= capected rangs.

Awoming dizmbetion of dwall timws oz computer plan
poiztont, manually

zalozlated doss agrass with doss caloulaied by RTP syutam
within sxpected toleranca.

Dicags at clinically impertant points of iztarsst agres with
valzgs interpelated fom isodoses.

Isodioss curves caloulxied i= approprizte planes

Prascribad doss, applicatcr selected, 2=d doss distribtion
constzieat with Policies of Treztmsnt for patent’s dissass
or physicist’s modsrstemding of physiciz="s clinicel oot
Violmns covarsd by prescripton modoss mrface consistant
with all knewn target localization data

Wiaxizrom. dose apd doss to ontical amatcomic suctures,
incinding prenionsly admiziriseed tharapy, within accepsad
TADER

Source smength, wotal dwedl dme, total [RAE. no. and oyps
of applicaors cormectly sztered into deiby owamment recond.

Avoiding patient-

specific random errors

Physicist Pre-Tx HDR Plan Review
Checklist

« Main TG-59 strategy for
Intercepting/correcting major
errors

 Comprehensive check:
consistency & correctness
— Prescription, Clinical policies,

localization images, implant
diagram, plan

* Physicist: avoid
compromising independence

—Train dosimetrist to do
planning




Patient-Specific Manual Dose check

* Independently measure
CTV dimensions, assess
total S

e Usually, 5%-10%
agreement with RTP

Dose Rate/Air-Kerma Strength: cGy/(pGy-mZ)
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