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Overview

• Proton Therapy 

• Calibrating CT scanners for proton dose calculations

• CT calibration uncertainties: “what are the error bars”

• Future trends: Dual Energy CT

• Conclusions/Need for standards

The goal of radiotherapy

Disclosures:
National Institutes of Health; National Cancer Institute 
R01CA187416.
- Prompt gamma imaging for proton radiotherapy treatment verification.

In Memory of: Dr. Karl Prado



- Protons Stop!

- Photons don’t!

Overview

X-Rays

PROTONS



CTV

PTV with Range uncertainty

PTV

Treatment Planning Process: Expanding Margins

~3.5%*(beam range) + 2 mm

Oncologist writes a prescription: 72 Gy in 40 treatment fractions.  

Planning Target Volume (PTV): account for setup uncertainty, etc.  

Expand PTV to account for range uncertainty 

Define our Clinical Target Volume (CTV): the tumor + microscopic disease



Managing Uncertainties

1. Dose Calculation

2. Treatment Delivery

Range uncertainty formula:

~3.5%*(beam range) + 1-2 mm

Paganetti, PMB (2012)



Managing Uncertainties: CT calibration

What we need for dose calculation:

- Proton RT
- Density and Stopping Power Ratios (SPR)

(or relative stopping power)

For protons the accepted clinical method for this 
Is the “Stoichiometric Method”.   

[Schnieder et al, PMB, 41 (1996)]



Managing Uncertainties: CT calibration

1. Acquire CT scan of phantom with tissue equivalent 
materials with known density and elemental 
compositions.

2. Measure HUs for each tissue equivalent material.

3. Use measured HUs to determine coefficients (A, B, C) 
for “stoichiometric parameterization equation.”

4. Using stoichiometric parameterization, calculate HUs for 
a full range of tissues using their published elemental 
compositions and physical densities.

5. Calculate the stopping power ratio (SPR) for each tissue 
based on known elemental composition and electron 
densities. 

6. Plot calculated HU vs. calculated SPR of each tissue.

7. Fit line through the HU vs SPR data to be used for 
treatment planning.



Managing Uncertainties: CT calibration

Using tissue composition data from 
ICRU 46 and 49, We calculate both 
“Zeff” values and prel

e.  

Plug into Stoichiometric formula, and 
calculate HU for each tissue. 

calculate tissue HU values.

…
…



Managing Uncertainties: CT calibration

…
…

calculate tissue SPR values.

ICRU 46  tissue composition values



Managing Uncertainties: CT calibration

bone [HU: 402 to 1500]
y = 0.0009x + 0.9766

R² = 0.9603

lung-to-fat  [HU: -1000 to -34]
y = 0.001x + 0.9687

R² = 1

tissue [HU: -20 to 118]
y = 0.0013x + 0.9744

R² = 0.9927

tissue-to-bone [HU: 118 to 402]
y = 0.0006x + 1.0143

R² = 1

fat-to-tissue [HU: -34 to -20]
y = 0.0007x + 0.9775

R² = 0.9992
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phantom inserts

tissueThis is the “HU-to-SPR curve” that you
Put into your treatment planning system
For proton dose calculations.

How accurate is this curve?

Inaccurate calibration = Inaccurate beam range



Managing Uncertainties: CT calibration

1) Measured the “water equivalent thickness” (WET) 
through several pig tissues.

WET = Beam range without sample –
beam range with sample



Managing Uncertainties: CT calibration

2) Compared them to WET values through the tissues calculated by Treatment 
Planning System(TPS).

WET(TPS) = thickness*SPR



Managing Uncertainties: CT calibration

WET % difference = {[WET(TPS) – WET(Measured)]/WET(Measured)}*100

This tells us how much uncertainty
We have in our calculated beam range

And, 

How much beam specific PTV margin
We need to add during planning.

Can we do better?
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Managing Uncertainties: CT calibration

ρe

Zeff

SPR-CT

SPR (ρe, Zeff)

140 kVp

80 kVp

Relative electron density

Effective atomic number

Pixel values = SPR

Dual energy CT calibration for Proton therapy



Managing Uncertainties: CT calibration

SECT DECT



Managing Uncertainties: CT calibration

WET Measurements: “comparing our error bars”
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Managing Uncertainties: CT calibration
Dual energy CT calibration for Proton therapy



Needs Statement

CT scanners calibrated using to Relate HU to proton SPR

- Standard reference materials for calibration
- Known, well controlled composition/density

- Improved empirical values for SPR calculation
- Mean ionization (I) values in literature: 65 eV up to 82 eV
- ICRU I-value = 75 eV
- SPR uncertainty due to I uncertainty: ~1-2%

- Standard methods for evaluating uncertainty of CT calibration
for proton radiotherapy
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