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Miniature X-Ray sources (50 kV)



4

Dario Terribilini / Brachytherapy – FMH2020 10

Division of Medical Radiation Physics

Dario Terribilini / Brachytherapy – FMH2020 11

Division of Medical Radiation Physics

𝜇

𝜌
= 

𝜏

𝜌
+  

𝜎

𝜌
+  

𝞳

𝜌
+  

𝜇𝑒𝑙

𝜌

Photoelectric effect (photo~Z~4 E
-3)

Compton effect

Pair production

Elastic scattering

Mass attenuation coefficient:

Photon Source Characteristics – Physics

Brachytherapy
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• Photon Energy of the brachytherapy source influences:

–Penetration into tissue

–Radiation protection requirements

• Inverse-square law

Photon Source Characteristics – Physics
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Photon Source Characteristics – Radioactive decay

𝑁 𝑡 = 𝑁𝑜𝑒
−𝑡

where:

• No is the initial number of radioactive atoms

• N is the number of radioactive atoms at time t

•  is the decay constant

–  =
𝑙𝑛2

𝑡
½

, and t½ is the half-life of the radionuclide

Further, the mean-life Tavg of an isotope is defined as the time taken to decay to

1/e of the original number of atoms:

𝑁 𝑡

𝑁𝑜
= 𝑒−1 ⇒ 𝑡=1⇒ 𝑇𝑎𝑣𝑔 =

𝑇½

ln 2
= 1.44 ∗ 𝑇½
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Cumulative Dose
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In calculating the total dose delivered during the implant one

must consider the exponential decay of the source strength.
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Photon Sources

Radionuclides Photons
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Cesium 137
Cesium 137, a fission byproduct, is a popular radium substitute because of its 30-

year half-life. 

Its single γ-ray (0.66 MeV) is less penetrating (HVLPb = 0.65 cm) than the -rays 

from radium (HVLPb = 1.4 cm) or 60Co (HVLPb = 1.1 cm). 

Because 137Cs decays to solid barium 137, 137Cs sources have virtually replaced 
226Ra intracavitary tubes in LDR gynecologic applications.
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Iridium 192
192Ir is produced in the nuclear reactor in the reaction 191Ir(n,γ)192Ir. 191Ir composes

37.3% of natural iridium, 193Ir making 62.7%.

Complex decay pattern leading to a

photon spectrum with mean energy of

ca. 380 keV

High specific activitysmall sources

Half life: 73.8 days
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Palladium 103
103Pd can be produced:

By neutron activation of 102Pd: 102Pd(n,γ)103Pd. (102Pd occurs only at 0.9% level)

By nuclear reaction with a proton beam on rhodium 103: 103Rh(p,n)103Pd. (natural 

abundance of 103Rh: 100%). 

In practice, this isotope can be produced with a very high specific activity, more than 

2500 GBq/mg.

103Pd decays by electron capture to 

excited states of Rh-103 followed by 

characteristic x-ray emission 20-23 keV

photons (average 21 keV)

Half-life: 17 days

Widely used for permanent implants
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Iodine 125
125I is produced mainly in a neutron capture process (in reactors), through xenon 

124 (124Xe) gas target: 124Xe(n, γ)125Xe. 
125Xe decays into 125I by electron-capture (EC) transition: 125Xe → 125I + ν + Eb.

125I decays by EC into an excited state 125Te*, producing the maximum photon 

energy of 35.5 keV by gamma decay (6.7% of the time). 

In addition, the transition leads to characteristic x-rays of energy between 27.2 to 

31.7 keV (K-shells) as a result of internal conversion (93.3%). 

The specific activity of 125I is more than 

600 GBq/mg

Half life: 59.4 days

Iodine seeds are widely used for permanent 

implants (prostate seed implants) and also 

eye plaques.
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High Dose Rate
Photon Source Characteristics
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Low Dose Rate
Photon Source Characteristics
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Electronic X-Ray Source

• 50 kV, 0.3 mA, 15 W

• Water cooled

• Can be used as

HDR source

Rivard et al, Med Phys. 33(11), 2006

Photon Source Characteristics
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Photon Source Characteristics – Source Specification

Activity

Historic units:
• For Radium: [mg Ra]  «Dose» specification in [milligram-hours]

• For other nuclides: [mg Ra equivalent]

• 1 [Ci] = 1 [mg Ra] = 3.7 * 1010 [disintegration / sec]

SI Unit
• 1 [Bq] = 1 [disintegration / sec]  1[Ci] = 3.7 * 1010 [Bq]
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The amount of radiation emitted depends on the source

geometry (filtration and self absorption)

Specification of source strength as “activity” 

• Difficult to measure accurately and reproducibly both 

by the vendor and the user 

• Variability in the factor to convert activity to dose in 

the patient

Photon Source Characteristics – Source Specification
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Photon Source – Source Strength

Well-Chamber
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Source Strength – Certificate
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Beta sources - Strontium-90

• Bye product of nuclear fission

• Therapeutic radiation is primarily from 2.27 MeV betas from 

Y-90

• Suitable for treatment of superficial lesions, ocular lesions 

and coronary vessels

• Limited depth of penetration
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Gynecological applications, rectum

HNO, lip, eyelid, mamma, rectum, prostate

or eye cornea

Bronchus, oesophagus, HNO

Single catheter or flabs
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Pulsed dose rate (PDR): Simulation of a low dose rate 

(LDR) treatment (50-100cGy/h) by a series of short dose 

pulses separated by intervals of 1 hour to several hours



13

Dario Terribilini / Brachytherapy – FMH2020 37

Division of Medical Radiation Physics

Dario Terribilini / Brachytherapy – FMH2020 38

Division of Medical Radiation Physics

Dario Terribilini / Brachytherapy – FMH2020 39

Division of Medical Radiation Physics



14

Dario Terribilini / Brachytherapy – FMH2020 40

Division of Medical Radiation Physics

Brachytherapy – HDR Afterloading Systems

Flexitron (Elekta)
GammaMed (Varian)microSelectron (Elekta)

MultiSource

(Eckert & Ziegler BEBIG)
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Brachytherapy – HDR Afterloading Systems
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Brachytherapy – HDR Afterloading Systems

Software – Planning

and delivery Afterloader - mechanical

Source - dosimetry

Delivery accessories -

mechanical

Radiation survey

Safety – emergency stops
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Brachytherapy – HDR Afterloading Systems
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Iod-125

Ultrasound-Probe

SeedSelectron

Stepper

Template

Brachytherapy – LDR Afterloading Systems
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Brachytherapy - Applicators

Leipzig applicators

Gynecological applicators

Surface applicators
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Brachytherapy - Applicators

Needles

Freiburg FlapsBreast applicators

https://openi.nlm.nih.gov/

Catheters
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Dose distribution around a sources

Dose calculation around radioactive sources in 

brachytherapy can be devided in three main categories:

• Historical approaches to dose calculation (may be

used for quick checks and verification of treatment

plans):
o Point source calculation based on air kerma in air

o Line source calculation based on air kerma in air

• AAPM TG43 Formalism

• Model based dose calculation algorithms (MBDCA)
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Dose distribution around sources – Point Source

Air

Air

Measurement: (       )

Source

XXX

d
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Dose distribution around sources – Point Source

Water

Air

Source

XXX

d
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Dose distribution around sources – Point Source

Water

Water

Source

XXX

d
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Dose distribution – Tissue attenuation factor M(d)
M

(r
)

For energies >300keV the attenuation in tissue is compensated by scatter build

up of dose.

Tissue attenuation is very significant for low photon energies (<30keV)
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Dose distribution around sources – Point Source

Water

Water

Source

correction due to Bremsstrahlung

XXX

d
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Dose distribution around a sources

Ratio of mass energy transfer coefficients Τ𝜇𝑡𝑟
𝜌 𝑎𝑖𝑟

𝑤𝑎𝑡:

• with photon energies above 200 keV the ratio is essentially constant at 1.11

• for iodine-125 and palladium-103 the ratio is 1.01.

The radiation fraction (Bremsstrahlung) is generally ignored

because of its small magnitude (less than 0.3%) for the

radionuclides used in brachytherapy.

The Meisberger function M(d) corrects for absorption and

scattering in water.
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t is the thickness of the source capsule

 is the attenuation coefficient for photon in the source capsule
material
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AAPM TG 43 – …some numbers for a Ir-192 Source

Dose Rate Constant: 
Uh

cGy

*
108.1

Radial Dose Function: 

Anisotropy Function: 

Kerma Strength:   

(Typical value after source replacement)








 





h

mcGy

h

mGy
Sk

22

3000'30


h

mGy
U

2

11




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AAPM TG 43 – Assumptions & Limitations

• Dose calculation in water

– no material heterogeneities within the body 

– no applicators

– no shieldings

– no source interplay

• Infinite patient

– no phantom size effect

• Azimuthal symmetry
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AAPM TG 43 – Limitations

Rivard et al., Med Phys. 36, 2009.
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Alternative Approaches

The goal is to take 

• patient inhomogeneities

• patient shape

• source interplays

• effects of applicators and shieldings

into account which are ignored by the AAPM TG 43 

protocol

 Analytical Models (Convolution/Superposition, CC)

 Full Monte Carlo Simulations

 Deterministic solutions of the transport equations

(LBTE)
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AAPM TG 186 – MBDCA 

• ACE (Collapsed Cone) of ELEKTA

• Full Monte Carlo

• Accuros (Boltzmann Solver) of Varian
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MBDCA – Collapsed Cone / PSS Formalism

Dose is deposited locally through primary electrons set in 

motion by a photon interaction and a large fraction through 

scattered components.

 Separation of the primary dose and scattered dose 

components:

D = Dprim + D1sc + Dmsc

Russell et al., Med. Phys. 32, 2005. PSS : Primary & Scatter Separation
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MBDCA – Collapsed Cone

D = Dprim + D1sc + Dmsc

Dprim

Phantom size independent

Energy dependent

Source geometry dependent

Depends on local mass attenuation coefficient ()

D1sc + Dmsc

Depend on phantom size

Energy dependent

Source geometry dependent

 Depend on primary dose (Dprim)

Russell et al., Med. Phys. 32, 2005.
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MBDCA – Collapsed Cone

Ahnesjö, Dreiländertagung 2007 Bern
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AAPM TG 186 – MBDCA 

• ACE (Collapsed Cone)

• Full Monte Carlo

• Accuros (Bolzmann Solver) of Varian
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MBDCA – Monte Carlo

Photon

• Rayleigh scattering

• Photoelectric absorption

• Compton scattering

Compton scattering Photon

Electron

Rayleigh scattering

Photon

Rayleigh scattering

Photon

Photoelectric absorption

Electron

Compton scattering
Photon

Electron

Rayleigh scattering

Photon

Rayleigh scattering

Photon

Photoelectric absoption

Electron

Photon

Dose per simulated history ~10-13 Gy (Ir-192 point source) 

 For 1 Gy about 10’000’000’000’000 histories needed!!

“Only” ~1’000’000’000 histories are simulated for statistically acceptable 

results

 Monte Carlo provide the user with an estimate of the solution. 

Source
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AAPM TG 186 – MBDCA 

• ACE (Collapsed Cone) of ELEKTA

• Full Monte Carlo

• Accuros (Boltzmann Solver) of Varian
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MBDCA – Boltzmann Solver

Gifford et al., Phys. Med. Biol. 51, 22, 2006.

Streaming operator Collision operator External source

Number of particles

flowing into a volume dV , 

minus the number of 

particles flowing out of dV

for particles travelling in a 

direction d about  with 

energy E about dE

Number of particles 

removed from the volume by 

absorption or scattering

Brachytherapy

sources

Scattering source

Number of scattered 

particles entering the 

volume

dV

 is the angular energy fluence at position r = (x, y, z), with energy E, and direction  = (μ, η, ζ).

An alternative approach is to solve the steady state Boltzmann 

transport equation in a Cartesian coordinate system:
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MBDCA – Boltzmann Solver

 Discretization in space (finite element or finite 

difference), angle (discrete ordinates), and 

energy (multi-group cross sections) 

The challenge is to solve this equation for every sub-volume 

(dV) of the total volume (patient).

The most common deterministic approach 

has been historically known as ‘discrete 

ordinates’:
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Dosimetry Systems & Dose Calculation Procedures

Pre–calculated dose distributions (atlases)

• Gynecology
o Manchester

o …

• Interstitial brachytherapy
o Patterson-Parker (Manchester) system

o Quimby (Memorial) system

o Paris system

o …

• Other (eye plaques, ect)
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Dosimetry Systems & Dose Calculation Procedures

Gynecology (Manchester)

If the tandem displaces the central canal, point A 

moves with the canal, but point B remains fixed at

5 cm from the midline.
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Dosimetry Systems & Dose Calculation Procedures

Personalized/Computerized Treatment Planning

• Source/implant/applicator localization:

 Projections

 Computerized tomography (CT) scanning

 Ultrasound scanning (US)

 Magnetic resonance imaging (MRI)

• Optimization

 Time/Activity

 Position
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Dose Calculation Procedures – LDR

Permanent prostate implants (LDR)

- Seed activity

- Seed positions

Choose seed locations to meet some objectives

• Target coverage

• Dose uniformity

• OAR sparing

Dario Terribilini / Brachytherapy – FMH2020 83

Division of Medical Radiation Physics

Brachytherapy – LDR

Iod-125

~ 4mm

Low Dose Rate (LDR): <1 Gy/h

In order to achieve a total dose of ~144Gy, 

the radioactive emitter must remain in the 

tissue / organ until it has completely 

decayed

Permanent implant

The patient can go home as long as the 

local dose is 1m <5Sv/h ist
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Stepping source (HDR/PDR) brachytherapy offers two 

degrees of freedom to optimize the dose distribution:

• Dwell position

• Dwell time

There are two modes of optimization on the activated dwell 

positions:

• Forward optimization

• Inverse optimization

Dose Calculation Procedures – HDR
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The following forward optimization methods are implemented:

• Manual dwell weights/times optimization

• Geometrical optimization

• Optimization on dose points 

• Graphical optimization

The following inverse optimization methods are implemented:

• Inverse Planning by Simulated Annealing (IPSA)

• Hybrid Inverse Planning Optimization (HIPO)

Dose Calculation Procedures – HDR
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Brachytherapy – Mamma Ca

Mamma Ca: Interstitial brachytherapy, partial breast radiation
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Planning – CT acquisition
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Planning – Contouring
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Planning - ReconstructionHDR Planning - Activation
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HDR Planning - Optimisation
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HDR Planning
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Brachytherapy – Intrauterine
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Brachytherapy – Skull
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Brachytherapy – Intraoperative Brachytherapy
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Brachytherapy – Intraoperative Brachytherapy
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Brachytherapy – Intraoperative Brachytherapy
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Brachytherapy – Intraoperative Brachytherapy
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Brachytherapy – Intraoperative Brachytherapy
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Brachytherapy – Intraoperative Brachytherapy

At the Inselspital IORTs are carried out:

• Tumors of the gastrointestinal tract

• Sarcomas

• Gynecological tumors

• Recurrent tumors

Prescription dose: 10 Gy @ 5mm tissue depth
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…for LDR!
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Gynecological Brachytherapy - ICRU 89
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Gynecological Brachytherapy - ICRU 89

BrachyNext – Working Together to Shape the Future of Brachytherapy
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Gynecological Brachytherapy - ICRU 89

BrachyNext – Working Together to Shape the Future of Brachytherapy
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Gynecological Brachytherapy - ICRU 89

BrachyNext – Working Together to Shape the Future of Brachytherapy
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BrachyNext – Working Together to Shape the Future of Brachytherapy

Gynecological Brachytherapy - ICRU 89
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BrachyNext – Working Together to Shape the Future of Brachytherapy

Gynecological Brachytherapy - ICRU 89
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Gynecological Brachytherapy - ICRU 89

BrachyNext – Working Together to Shape the Future of Brachytherapy
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BrachyNext – Working Together to Shape the Future of Brachytherapy

Gynecological Brachytherapy - ICRU 89
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BrachyNext – Working Together to Shape the Future of Brachytherapy

Gynecological Brachytherapy - ICRU 89
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References on dose specification & reporting
• ICRU 38 (1985): Dose and Volume Specification for Reporting Intracavitary

Therapy in Gynaecology

• ICRU 89 (2013): Prescribing, Recording, and Reporting Brachytherapy for 

Cancer of the Cervix

• ICRU 58 (1997): Dose and Volume Specification for Reporting Interstitial 

Therapy

• American Brachytherapy Society (ABS) Recommendations for Transperineal

Permaent Brachytherapy of Prostate Cancer (IJROBP 1999)

• SGSMP-Bericht 18 (1996): Dosis- und Volumenspezifikationen zur

Dokumentation in der Brachytherapie

• www.estro.org/about/governance-organisation/committees-activities/gec-estro-

handbook-of-brachytherapy

 Reporting in Brachytherapy: Dose and Volume Specification
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Thank you

…Questions?
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Seelentag, 2009
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