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IntroductionIntroduction

Patients undergoing radiation therapy arePatients undergoing radiation therapy are
exposed to secondary radiation (radiationexposed to secondary radiation (radiation
out of the treatment field).out of the treatment field).

Secondary radiation is composed ofSecondary radiation is composed of
photons, and at high treatment energiesphotons, and at high treatment energies
(above 8 MV), neutrons, which are(above 8 MV), neutrons, which are
produced in the accelerator head.produced in the accelerator head.

IntroductionIntroduction-- PhotonsPhotons

Secondary photon radiation composed ofSecondary photon radiation composed of
scatter and leakage.scatter and leakage.

Scatter from within patient and off ofScatter from within patient and off of
collimators is dominant source near thecollimators is dominant source near the
treatment field.treatment field.

Leakage through the accelerator head isLeakage through the accelerator head is
the dominant source away from thethe dominant source away from the
treatment field.treatment field.

IntroductionIntroduction-- NeutronsNeutrons
Neutrons are produced primarily byNeutrons are produced primarily by
photons striking the primary collimator,photons striking the primary collimator,
jaws, and target.jaws, and target.

Neutrons are important because of theirNeutrons are important because of their
high RBE.high RBE.

Radiation Type Energy Quality Factor

X and gamma Rays All 1

< 10 keV 5
10 keV to 100 keV 10
100 keV to 2 MeV 20
2 MeV to 20 MeV 10

> 20 MeV 5

Neutrons
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IntroductionIntroduction -- NeutronNeutron
Distribution in Treatment RoomDistribution in TreatmentRoom
Primary neutronsPrimary neutrons -- No energy degradationNo energy degradation
–– Highest energyHighest energy
–– Minimal relevanceMinimal relevance

Direct neutronsDirect neutrons -- Penetrated accelerator headPenetrated accelerator head
–– High energyHigh energy
–– Fluence decreases with distance in a semi inverse square mannerFluence decreases with distance in a semi inverse square manner

Scattered neutronsScattered neutrons -- Scattered from objects in room and wallsScattered from objects in room and walls
–– Intermediate energyIntermediate energy
–– Constant fluence in treatment roomConstant fluence in treatment room

Thermal neutronsThermal neutrons -- Thermalized in wallsThermalized in walls
–– Low energyLow energy
–– Constant fluence in treatment roomConstant fluence in treatment room

Why all this Concern?Why all this Concern?
Amount of secondary radiation is a function ofAmount of secondary radiation is a function of
the amount of beamthe amount of beam--on time.on time.
Some IMRT treatments may require up to 4Some IMRT treatments may require up to 4
times as manytimes as many MUMU’’ss to deliver as conventionalto deliver as conventional
treatments.treatments.
For deep treatment sites, low energy treatmentsFor deep treatment sites, low energy treatments
typically require moretypically require more MUMU’’ss than high energythan high energy
treatments.treatments.

Bottom LineBott om Line : More: More MUMU’’ss mean moremean more
secondary radiation.secondary radiation.

This is whatstartedit ALLThis is whatstartedit ALL

Technique 6 MV         18 MV       25 MV       

Conventional 0.3 1.8 3

MLC 
modulated

1.0 5.1 8.4

Serial 
Tomotherapy

2.7 14.9 24.4

Calcu lated Risk estimatesCalculated Risk estimates
Followill et al (1997)Followill et al (1997)

Likelihood of Secondary Fatal Malignancy
(%)

Whereare we Concerned?Wherearewe Concerned?

Secondary radiation in theSecondary radiation in the ““Patient PlanePatien t Plane ””!!!!
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LetLet’’ s First Worry about Photonss First Worry aboutPhotons

Early measurementsEarly measurements –– early 80early 80’’ss
–– Ion chambers in large water phantomsIon chambers in large water phantoms

Large volume ion chambers (0.3Large volume ion chambers (0.3 –– 30 cc)30 cc)

Scanning tanksScanning tanks

More MeasurementsMore Measurements
Phantoms began to more closelyPhantoms began to more closely
approximate actual patient geometryapproximate actual patient geometry
–– Using cylindrical ion chambersUsing cylindrical ion chambers

More MeasurementsMoreMeasurements
Solid geometric phantoms also usedSolid geometric phantoms also used
–– Using TLD, diodes and 0.6 cmUsing TLD, diodes and 0.6 cm33 ionion

chamberschambers

Mutic et al (1998)

UniqueMeasurementsUniqueMeasurements

Use of a surveyUse of a survey
meter in airmeter in air

Use of film toUse of film to
measure leakagemeasure leakage

Balog et al (2005)

Dong et al (2000)
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More MeasurementsMoreMeasurements
Solid geometric phantoms also usedSolid geometric phantoms also used

–– Using cylindrical small volume ion chambersUsing cylindrical small volume ion chambers

Klein et al. (2006)

MostRecentMeasurementsMost RecentMeasurements
AnthropomorphicAnthropomorphic RandoRando phantomphantom
with TLD at 10 specific organ siteswith TLD at 10 specific organ sites..

3 TLD at each location.3 TLD at each location.

Kry et al (2005)

PhotonDosimetersPhotonDosimeters
Photon and neutron dose equivalentsPhoton and neutron dose equivalents
determined independently.determined independently.
–– Li:F TLD used to measure photon dose.Li:F TLD used to measure photon dose.

TLDTLD--100 used at 6 MV.100 used at 6 MV.

TLDTLD--700 used at all other energies.700 used at all other energies.

–– Neutron fluence measured with gold foils.Neutron fluence measured with gold foils.

PhotonMeasurementCautionsPhotonMeasurementCautions

1.1. Biggest issue: low doses = very low rdgs.Biggest issue: low doses = very low rdgs.
–– Increase in uncertainty of measurementsIncrease in uncertainty of measurements

–– Long exposure timesLong exposure times

2.2. Need for multiple rdgs. at each point.Need for multiple rdgs. at each point.

3.3. RdgRdg. location (air vs. phantom). location (air vs. phantom)
or at what depth?or at what depth?

4.4. Point vs. volume measurements.Point vs. volume measurements.

5.5. Neutron component for high XNeutron component for high X--ray energiesray energies
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Photon Dose Equivalent per MUPhoton Dose Equivalent per MU
Photon Dose Equivalent as a percentPhoton Dose Equivalent as a percent

of dose at dmax vs. Distanceof dose at dmax vs. Distance
Out of Field Photon Dose for Varian Accelerators
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NeutronMeasurementsNeutronMeasurements
Determining neutronDetermining neutron
dose equiv. composeddose equiv. composed
of several stepsof several steps
–– Obtain NIST traceableObtain NIST traceable

calibrationcalibration

–– Measure neutron fluenceMeasure neutron fluence

–– Calculate neutron doseCalculate neutron dose
equivalent at dequivalent at dmaxmax

–– Calculate neutron doseCalculate neutron dose
equivalent at depthequivalent at depth

Neutron MeasurementsNeutron Measurements
Neutron fluence measured with gold foils.Neutron fluence measured with gold foils.
–– 197197Au(n,Au(n,γγ))198198AuAu

Count theCount the γ,βγ,β emissions of the foils, convert toemissions of the foils, convert to
neutron fluence by NIST traceable conversionneutron fluence by NIST traceable conversion
factor: 3516000 n/cmfactor: 3516000 n/cm22/cps/g/cps/g
Gold foils detect thermal neutrons.Gold foils detect thermal neutrons.
–– Bare gold foils measured the thermal neutron fluence.Bare gold foils measured the thermal neutron fluence.

Bare foil hung in room center.Bare foil hung in room center.
–– Fast neutrons areFast neutrons are thermalizedthermalized by moderators. Goldby moderators. Gold

foils placed in moderators thereby measure the fastfoils placed in moderators thereby measure the fast
neutron fluence. Moderators were placed on centralneutron fluence. Moderators were placed on central
axis, at 30 cm superior, 60 cm superior, and 30 cmaxis, at 30 cm superior, 60 cm superior, and 30 cm
inferior.inferior.
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NeutronMeasurementsNeutronMeasurements
Bubble detectors or neutron metersBubble detectors or neutron meters

Neutron MeasurementsNeutron Measurements

Bonner sphere system to measure theBonner sphere system to measure the
neutron spectrum from which the fluenceneutron spectrum from which the fluence
isis deconvolveddeconvolved..

Howell et al (2006)

NeutronFluenceNeutronFluence
Fast neutron fluence measured on CAXFast neutron fluence measured on CAX
and out of field.and out of field.

Fast neutron fluence out of field variedFast neutron fluence out of field varied
by less than the uncertainty in theby less than the uncertainty in the
dosimeter. Fast neutron fluencedosimeter. Fast neutron fluence
assumed constant out of field.assumed constant out of field.

Neutron fluence was examined at theNeutron fluence was examined at the
same 10 points as where the photonsame 10 points as where the photon
dose was measured.dose was measured.

Neutron FluenceNeutron Fluence
For each distance from central axis (each measurementFor each distance from central axis (each measurement
point), the neutron fluence is broken down into 12point), the neutron fluence is broken down into 12

components to account for energy and geometrycomponents to account for energy and geometry..
The neutron dose equivalent at dThe neutron dose equivalent at dmaxmax was propagated towas propagated to
neutron dose equivalent at depth of measurement pointneutron dose equivalent at depth of measurement point

Direct
Scattered

Thermal

X
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NeutronMeasurementCautionsNeutron MeasurementCautions

1.1. Gold foil activationGold foil activation –– not for everyone.not for everyone.
–– NIST traceabilityNIST traceability

–– Still theStill the ““goldgold”” standardstandard

2.2. Biggest issue: low doses = very low rdgs.Biggest issue: low doses = very low rdgs.
–– Increase in uncertainty of measurementsIncrease in uncertainty of measurements

–– Long exposure timesLong exposure times

3.3. Need for multiple rdgs. Along patient plane.Need for multiple rdgs. Along patient plane.

NeutronDoseEquivalent perMUNeutronDoseEquivalentper MU

18 MV C 10 MV V 15 MV V 15 MV S 18 MV V
Colon 9.8 0.11 4.6 2.5 12.0
Liver edge 12.3 0.17 6.0 3.3 15.0
Stomach edge 11.1 0.15 5.4 3.0 13.6
Liver center 9.0 0.09 4.2 2.3 11.0
Stomach center 9.1 0.09 4.2 2.4 11.1
Esophagus edge 7.4 0.06 3.3 1.9 9.1
Lung edge 11.8 0.16 5.7 3.2 14.4
Lung center 7.1 0.06 3.2 1.8 8.7
Esophagus center 5.7 0.05 2.5 1.4 7.0
Thyroid 10.4 0.20 5.2 2.9 12.7
Bone Marrow 16.8 0.28 9.0 4.7 18.6

Organ Site
Neutron Dose Equivalent per MU (µSv)

% Neutron Contribution% NeutronContribution

18 MV C 10 MV V 15 MV V 15 MV S 18 MV V
Colon 20 0.7 23 13 43
Liver edge 28 1.1 28 16 49
Stomach edge 28 1.3 30 18 54
Liver center 36 1.1 35 21 58
Stomach center 38 1.2 35 22 59
Esophagus edge 31 0.7 29 18 54
Lung edge 55 2.3 52 29 72
Lung center 55 1.3 46 22 71
Esophagus center 58 1.2 49 23 72
Thyroid 80 6.1 74 36 85
Bone Marrow 50 3.3 53 32 70

Organ Site
Percent of Total Dose Equivalent from Neutrons

Neutron TrendNeutron Trend

Over distances of sensitive organs,Over distances of sensitive organs,
neutron dose equivalent did not varyneutron dose equivalent did not vary
significantly as a function of distance.significantly as a function of distance.

Neutron dose equivalent varies by a factorNeutron dose equivalent varies by a factor
of 2 to 3 at different measurement depths.of 2 to 3 at different measurement depths.
–– Because of shallow neutron depth doseBecause of shallow neutron depth dose

curves.curves.
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DoseEquivalent to Edge of StomachDoseEquivalent to Edge of Stomach

0

200

400

600

800

1000

1200

1400

18
M

V
C

6M
V

V

6M
V

S

10
M

V
V

15
M

V
V

15
M

V
S

18
M

V
V

Treatment Approach

D
os

e
E

qu
iv

al
en

t
(m

Sv

NeutronDoseEquivalent

PhotonDoseEquivalent

Ranking of TreatmentsRanking of Treatments
18 MV C 6 MV V 6 MV S 10 MV V 15 MV V 15 MV S 18 MV V

Colon 1 4 6 2 3 5 7
Liver clo se 1 3 6 2 4 5 7
Stoma ch cl ose 1 3 5 2 4 6 7
Liver center 1 3 5 2 4 6 7
Stoma ch center 1 3 4 2 5 6 7
Esopha gus close 1 3 5 2 4 6 7
Lung close 1 3 4 2 5 6 7
Lung center 1 2 5 3 4 6 7
Esopha gus center 1 2 5 3 4 6 7
Thyroid 3 1 5 2 4 6 7
Bone Marrow 1 3 4 2 5 6 7

Average 1.2 2.7 4.9 2.2 4.2 5.8 7.0

Rank of Treatment Approach
Organ Site

–– 1=Lowest dose equiv., 7=Highest dose equiv.1=Lowest dose equiv., 7=Highest dose equiv.

What aboutProtonFacilities?What about Proton Facilities?
Currentl y 27 fac ili ties

in 11 countries
treati ng patients
12 addit ional fac il iti es

in the planning stage
or under cons truc tio n
in 8 countries
Within a few years

there will 7 facilit ies in
the USA

Is thereanySecondaryIs thereanySecondary
Radiationto worry about?Radiationto worry about?

Proton beams generate neutrons byProton beams generate neutrons by
interacting with the scatteringinteracting with the scattering

systems, range modulator wheel,systems, range modulator wheel,
collimators and even the patientcollimators and even the patient

YES!
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NeutronMeasurementsNeutronMeasurements

1.51.5Monte CarloMonte Carlo
CalculationCalculation

Pass.Pass.
ScatteringScattering

PolfPolf et al.et al.

0.070.07BonnerBonner
SphereSphere

Pencil beamPencil beamSchneider et al.Schneider et al.

0.100.10BubbleBubble
DetectorDetector

Pass.Pass.
ScatteringScattering

Roy et al.Roy et al.

5959TE Prop.TE Prop.
CounterCounter

Pass.Pass.
ScatteringScattering

BinnsBinns et al.et al.

2.52.5BonnerBonner
Sphere (Sphere (LiILiI))

Pass.Pass.
ScatteringScattering

YanYan et al.et al.

Dose RangeDose Range
((mSv/GymSv/Gy) @) @

50 cm50 cm
DetectorDetector

ProtonProton
DeliveryDeliveryInvestigatorInvestigator

Mappingof theNeutronDoseEquivalentMapping of theNeutron DoseEquivalent

Polf et al. (2005)

NeutronMeasurementsNeutronMeasurements

Data is sparseData is sparse –– 4 sets of measurements4 sets of measurements

Results are not consistentResults are not consistent

Measurement techniques are not consistentMeasurement techniques are not consistent

Many different factors affect neutronMany different factors affect neutron
productionproduction

–– Proton energyProton energy

–– Range modulationRange modulation

–– Field sizeField size

–– Lateral scattering techniqueLateral scattering technique

How significant canthis be?How signif icantcanthis be?

Hall (2006)
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NeutronMeasurementCautionsNeutron MeasurementCautions

1.1. Neutron energies much higher thanNeutron energies much higher than
observed around electron acceleratorsobserved around electron accelerators

2.2. Is your neutron calibration techniqueIs your neutron calibration technique
calibrated appropriately for thesecalibrated appropriately for these
““neutronsneutrons””??

3.3. Very long exposure timesVery long exposure times

4.4. Moderators and foils used on electronModerators and foils used on electron
accelerators are not adequate.accelerators are not adequate.

SummarySummary
There is an increased secondary dose from IMRT.There is an increased secondary dose from IMRT.
–– The increase depends on the number ofThe increase depends on the number of MUsMUs and theand the

photon beam energy.photon beam energy.

Measurement of the secondary dose requires anMeasurement of the secondary dose requires an
established NIST traceable techniqueestablished NIST traceable technique –– bothboth
photons and neutrons.photons and neutrons.

Proton beams produce secondary neutron doses.Proton beams produce secondary neutron doses.

No consensus as to the best measurementNo consensus as to the best measurement
techniquetechnique –– more work needed.more work needed.


