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The monitor units (MU) were calculated for each field based on

MU Dose

- Energy OF+«Range Shifter Factor+«SOBP OF

Equation 2.2:

MU = Dose
- Energy OF+Range Shifter FactorxSOBP OF

Equation 2.2

The relative output factor, range

Passive Scatter Treatment Plan

Prescribed Dose: 540 cGy

Beam A B C
Dose to isocenter [cGy] 181.9 | 181.3 | 182.2
Relative Output Factor 0.865 | 0.927 | 0.927
Range Shifter Factor 0.967 | 0.981 | 0.996
SOBP Factor 1.295 | 1.073 | 1.073
MU Delivered 167.4 | 185.3 | 182.0

Table 2.2. Monitor Unit (MU) parameters for the passive scattering treatment fields

2.3.2.2 Spot Scanning Plan

The spot scanning plan was designed using the

a. b.
Figure 2.11. Spot scanning treatment plan shown in the coronal (a) and sagittal (b)
planes

The beam parameters are listed below in

Spot Scanning Treatment Plan
Prescribed Dose: 540 CcGyE
Beam A B
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Beam Name Left Right
Nominal Beam 108 113.4
Nominal SOBP 3.2 3.37
Gantry Angle 90° 270°
Couch Angle 315° 45°
Snout Position 38 38
Dose [CcGyE] 270 270
MU 63.6 62.5
Table 2.3:
Spot Scanning Treatment Plan
Prescribed Dose: 540 CcGyE
Beam A B
Beam Name Left Vertex | Right Vertex
Nominal Beam Energy [MeV] | 108 113.4
Nominal SOBP Width [cm] 3.2 3.37
Gantry Angle 90° 270°
Couch Angle 315° 45°
Snout Position [cm] 38 38
Dose [CcGyE] 270 270
MU 63.6 62.5

Table 2.3. Spot scanning treatment plan parameters

The phantom was irradiated on the G3 spot scanning beam at the PTC-H on. The monitor
units for this plan are calculated by the Eclipse treatment planning system, so a manual

MU calculation was not required for this plan, as was the case for the passive scattering

plan.

2.3.3 Treatment Delivery

2.3.3.1 Passive Scattering Irradiations

The phantom was set up in the supine

Orientation | Nozzle | Cage
kVp 65 65
mA 630 500
ms 80 60

The x-ray images were compared to DRRs

The first passive scattering irradiation trial
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Table 2.4. kV imaging parameters for PTC-H proton treatment setup




Once the first trial irradiation was delivered,

Once the phantom was reloaded with unirradiated dosimeters, it was repositioned on the
treatment couch using the lasers to align with the new tape markings. For the second
irradiation trial, the leveling screws at the base of the phantom were adjusted so the tape
markings aligned with the lasers, as it was determined that the screws had been bumped
during reloading. Another set of x-rays was acquired to verify the positioning of the
phantom. No adjustments were made to the phantom or the couch. The film and TLD
were reloaded again for the third trial irradiation, and the fields were verified with x-ray

images.

2.3.3.2 Spot Scanning Irradiations

For irradiation, the dosimetry insert was
The treatment plan had been designed to deliver 54 CGE over the course of 10 fractions,
so only the first fraction was delivered for each trial, for a dose of 5.4 CGE. The first spot
scanning irradiation trial was irradiated according to the treatment plan, with the left
vertex beam, beam A, delivered first. Beam A had a gantry angle of 90°, a couch angle of
315° and a nominal beam energy of 108 MeV. Beam B, the right vertex, was delivered
next, with a gantry angle of 270° a couch angle of 45°, and nominal beam energy of
113.4 MeV, which is the energy of the proton spots with the distal 90% range at the
deepest layer.
Once Trial 1 irradiation was delivered, the phantom was removed from the couch and
reloaded with TLD and film. Again, x-ray imaging was used to assess phantom alignment
before the doses were delivered and calculate necessary couch shifts. The same procedure

was followed for the third trial as well.

234 TLD

2.3.4.1 Absolute Dose Determination

The RPC has developed a mailable TLD
Thermoluminescent dosimeters were used to measure

ITm XS XE XL xXF Equation 2.3 will be used:

Dose = % XS XE XL XF Equation 2.3
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The dose measured from TLD is calculated

The sensitivity correction factor is perhaps the most important as it can vary
between individual readout sessions due to factors such as system electronics and the
reader planchette (41). The correction factor looks at the system sensitivity (dose per
reading) of a specific batch of TLD. S is usually calculated by irradiating TLD to a
known dose (using an ion chamber measurement for reference) and reading out these
TLD both before and after the TLD reading session. This factor can be measured by
dividing the known dose by the TLD response for those measurements (7”) and

Doseknownl” xXL'xF’ Equation 2.4:

Dose .
S = ﬁ Equatlon 2.4

where L’ and T” are the relative linearity and fading factors of the TLD powder batch.

The energy correction factor takes into account that TLD crystals have a small
energy dependence. The factor is found by comparing the output per dose of a TLD at a
OCo energy (reference energy) to the energy of a proton beam. This TLD proton energy
correction factor was determined to be the same for all proton energies tested by the RPC
and is unity.

The linearity correction factor accounts for the slight non-linearity of TLD
response over a wide range of doses. To find this correction factor, several TLD were
irradiated over a range of doses. For low doses, there is a linear adjustment that needs to
be made, but at higher doses, the relationship becomes logarithmic. In the dose range we
used, the linearity correction factor is found with inverse of response of the TLD
response v. dose curve, as described in the following L=a* Dose + b

Equation 2.5:

L=ax*Dose+b Equation 2.5

where a and b are coefficients specific to each batch of TLD.

The fading correction factor takes into account the recombination of some
electron-hole pairs before the TLD dosimeter is read out. The RPC uses a double
exponential fading correction factor based on a plot of time v. percent of signal obtained

in readout:

131314
T cedty fe-gt

Equation 2.6

29



The change in the fading correction is minimized by waiting a minimum of 14
days after irradiation to read out the dosimeters. The RPC uses the same fading curve for
all batches of TLD as there is little variation in this correction factor when the minimum
readout time is standardized.

The TLD in the phantom for each irradiation consisted of two double-loaded LiF
TLD-100 dosimeters (Quantaflux, LLC, Dayton, OH). Each capsule was placed 3 mm off

axis, one above and one below the center line.

2.3.4.2 TLD Characterization

The TLD batch used for the project was named batch BO7 and had been
characterized by the RPC prior to irradiation. As discussed in the previous section,
correction factors are needed for calculation of TLD dose. For the linearity correction
factor for the batch of TLD used the slope (m) and y-intercept (b) found in L=a* Dose +
b Equation 2.5 are -0.00027842 and 1.08353, respectively. For the

1.31314

ity fegt Equation 2.6 parameters are

fading correction factor, the F =

listed in Table 2.5.
N 1.3493
a 1.2815
b 0.00010885
C 0.06781
d 0.071908
X Days between irradiation and reading

Table 2.5. TLD fading correction factor constants

2.3.4.3 TLD Evaluation

The TLDs were read out after 21-23 days, so as to minimize the effects of fading.
The TLD was read in between a series of standard and control TLD which had been
irradiated using the ADCL’s %Co machine. An unexposed TLD-100 pack was used as the

background, and its reading was subtracted out from the readings of the exposed TLD.
Dose = % XS XE XL XF Equation 2.3 was then used to calculate the

dose delivered to each TLD. TLD have been found in some cases to underestimate proton
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dose by about 7%, but this is mostly due to positioning errors (38). In a previous study
done by the RPC for the development of a head & neck phantom, TLD dosimeters were
found to have an accuracy of + 4% and precision of + 3% at a 90 % confidence interval
3.

For this experiment, a ratio between calculated TLD dose (based on the treatment
planning model) and measured TLD dose would be deemed acceptable within the range
of 0.95-1.05 in order to meet the 5% point dose agreement criterion. The coefficient of
variation was used to calculate reproducibility, and COV values of less than 3% were
considered passable.

In order to test statistical significance of the TLD results, a one-sample t-test was
performed with a significance level of 0.05. The t-test values was computed using the

equation below (42):

Equation 2.7

where X is the mean ratio of calculated v. measured TLD dose, u,is the null hypothesis,
which we define to be 0.949 (outside of the 5% limit), where sis the standard deviation
and nis the sample size, three trials. The critical value was found using the TDIST
function, which yields the probability for a t-test distribution. The statistical significance
was found by finding the p-value, which if less than 0.05 was said to be statistically
significant. If the p-value was greater than 0.05, the data would be considered not

statistically significant, and the hypothesis would be rejected.

2.3.5 Film

Another passive dosimeter that can be used effectively in a mailable monitoring program
is radiochromic film. The RPC already uses this film as part of its mailable dosimetry
program. Radiochromic film is a good option for finding the dose distribution of a
radiation beam, as it exhibits no angular dependence, a high spatial resolution, and a low
spectral sensitivity (31). Another advantage of radiochromic film is that it is tissue-
equivalent, so as a beam passes through it, the behavior of the particles shouldn’t be
disrupted (43).

Gafchromic® EBT2 is yellow in color and uses a
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