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Two component of cell 
killing by radiation, one 
dependent by the dose 
and the other one 
proportional to the 
square of the dose 

-cell survival curve is 
continuously bending

�  and �  = Constant.
S = Survival, D = Dose.
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= � nd +�  nd2

= n (� d + � d2)

= nd (�  + � d)
= �  (nd) (1+ d/� /� )

E / � = nd (1+ d/� /� )

BED = Total dose X Relative effectiveness.
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Biological effect of a hotspot is relatively more
Important for late effects than for tumour control 
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Tolerance Data:  Emami et al.,1991
Lung

Vol 1/3 2/3 3/3

TD5/5 4500 3000 1750

TD50/5 6500 4000 2450

�� <.< ����5	����	�����5	�!���������+����5���0�����5��	���<�;� !��6�6����*����
���!������������<�*	����

�� <�.< ����5	����	�����5	�!���������+����5���0�����5��	���<��; �!��6�6����*����
���!������������<�*	����
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Fitting of Tolerance Data:  Burman et al.,1991
Lung, brainstem, optic nerve

organ n m TD50 end point

Lung 0.87 0.18 24.5 Pneumonitis

Brainstem 0.16 0.14 65 necrosis/infarction

Optic nerve 0.25 0.14 65 blindness

organ 1/3 2/3 1 1/3 2/3 1
Lung 45 30 17.5 65 40 24.5

(fitted data) 45 24 17 64 35 25
Brainstem 60 53 50 - - 65
(fitted data) 60 53 50 65
Optic nerve - - 50 - - 65
(fitted data) - - 50 - - 65

TD5/5 TD50/5
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NTCP vs. dose, fixed partial irradiated volume
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Large volume effect, n ® 1.0 small volume effect, n ® 0.0
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Lyman model or logistic 
model

From Lyman et al. 1987
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Lyman model or 
logistic model

From Kutcher et al.1989
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Lymen’s model only applies to fractional volumes receiving uniform doses. In 
practice it is never the case.  Modern systems describes dose to an organ in 
terms of DVH. 

DVH needs to be transformed into into a single point dose:

Method 1: DVH is transformed into an equivalent dose given to the whole 
volume

Method 2: DVH is transformed into a fractional volume that received the 
maximum dose in DVH

(ASSUMTION: Each fractional volume will follow the same dose-volume 
relationship as the whole organ).

Use of NTCP in clinical decision making is highly controversial.
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LET

RBE

X-rays 100 keV/u 200 keV/u

20 A DNA
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High-LET radiation enhanced apoptosis but not necrosis     
regardless of p53 status.
Takahashi A, Matsumoto H, Yuki K, et al. IJROBP 2004;60:591–7.
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� Protons - positively charged particles

� hydrogen atom � electrical field � separated into 
protons and electrons

� protons � vacuum tube in LA & proton energy  boosted to 
about 7 MV

� proton beam�  synchrotron � accelerated 70 to 250 MeV 
� enough energy to place at any depth 

� beam passes series of magnets � shape, focus, and direct 
the beam to patient
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Accelerators for High RBE Radiations

• Two types of accelerators : cyclotron or a synchrotron 

• Cyclotrons � fixed energy, higher energy � 250 
MeV 

• Synchrotron � varied energies, usually in the range 
of -50 – 70 MeV
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SOBP

• Individual Bragg peaks � too narrow to use

• Summed up and spread out (SOBP) to a useful 
plateau
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Tumors considered for proton therapy

• High doses of radiations for control 

• Located near sensitive normal tissues 
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Biological aspects-carbon

� Major advantage - increased biological effectiveness in the 
Bragg peak region so in the tumor volume

� Increased effectiveness � specific microscopic dose deposition 
pattern

� Photons deposit energy � randomly and homogeneously 

� Charged particles � narrow region around the particle 
trajectory

� Very localized & concentrated energy � Increased 
effectiveness 
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Lateral Scattering

� Lateral scattering more important than longitudinal 
straggling

� carbon � broadening is < 1 mm up to depth 20 cm 

� Protons � 2 mm depth > 7 cm.

� Lateral scattering for protons > photons

� Deep-seated tumors precisely with carbon ions

� Superficial tumors (eye)  satisfactory with protons
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Proton Beam: Clinical Implications

• Uveal (choroidal) melanoma.
• Skull base tumors
• Spinal cord tumors – Chordoma.
• Prostate cancer.
• Pituitary tumor.
• Acoustic neuromas.
• Paranasal sinus & Nasopharynx.
• Others – AVM.
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Summary of Clinical Evidence
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Neutron Therapy

� Neutrons first were introduced without proper experimental data on 
sole basis that lower OER 

� Since biological effect not taken into consideration major set back 
due very severe late reaction.

� Later on RBE concept taken into consideration 

� Production –
-Deuterium Tritium generators.
-Paricle Accelerators

� Bombarding particles – Deuterons, proton.
� Target material – Usually beryllium.
� Depth dose data same as photons
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Interactions 

• No charge but with high LET, RBE value.

• Indirectly ionizing.

• Two mechanism 
- Recoiling with hydrogen or heavy nucleus of 
element.
- Nuclear disintegration.
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Region
Tumour

Base of skull Chordomas

Chondrosarcomas

Head and neck Salivary gland tumours

Paranasal sinus tumours

Chest and abdomen Breast tumours

Pelvis Prostate tumours (T3, T4)

Uterine sarcomas

Chordomas

Chondrosarcomas

Trunk and extremities Osteosarcomas

Malignant melamonas STS

Soft tissue sarcomas
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• Salivary gland.
• Prostate cancer.
• STS.
• Head and neck malignancies 

(Advanced).
• NSCLC.
• Breast
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Salivary gland

• Based on strong radiobiological rationale given by Batterman 
et al

• Salivary gland tumor has RBE ~ 8 as compare to other late 
effect (3 - 3.5)

• 20Gy of neutrons  are equivalent to 160Gy at tumor site,
60Gy at normal tissue level

• Therapeutic gain factor for salivary gland tumor is 2.3-2.6
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RTOG/MRC trial� RCT

� Accrual stopped as 2 year 
data showed strong trend 
towards neutron

� Followed up 10 yr

� Improved local control in 
neutron arm 56%Vs 17%. 
P=0.009

� No differencein long term 
survival due to distant mets.
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Prostate cancer

� 2 RCT.

� RTOG* – compared mixed beam 
with photon alone in locally 
advanced cases.

-91 pt..
-At 10 yr F/U

LRC     70%vs 58%(p=0.03), 
survival 46%vs 29% (p=0.04).

-No difference in toxicity!
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• 2nd RCT
• NTCWG Russell et al.*
• 172 pt.
• Fast Neutron vs photon.
• No difference in survival.
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Drawbacks

• Enormous cost involved. (~US $100m)

• More complex and bulky equipment necessary to accelerate 
particles.

• Stringent quality assurance needed.

• No long term data available to consider late effects of 
treatment.

• Dose tolerance for various organs are not available.
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