








integration between our measurement points and these depths were compared
to those predicted by our calculation. The deviation between the range that we
calculated and the measured range would generate the error in the range
correction. The standard deviation of these errors was an independent source of

uncertainty for determination of the composite distal margin in aim 3.

Figure 47: Experimental set-up for wedge precision
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4.3 Results

4.3.1 Calculation of the RWET of the wedge system

Verification of the total WET of the wedges in reference
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Figure 48: Calculation of RWET of wedges from measurements

Figure 48 illustrated the two depth dose curves measured to determine the
relative water equivalent thickness of the wedges. The blue series was the depth
dose with the 6 centimeters of water equivalent material in the beam. The red
series was the depth dose with the wedge in the reference position (10
centimeters physical depth). The green series was the depth dose with the 6
centimeters of build-up material that has been shifted by 5.6 centimeters for

visual reference. As shown in the figure, the distance to agreement between the
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two relations was 5.6 cm resulting in a measured total WET of 11.6 centimeters

and a RWET of 1.16 when compared to water.

4.3.2 Wedge precision determination

Measured Depth Dose after the Calculated Correction of 1cm
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Figure 49: Measured depth dose curves after calculated shifts

Figure 49 illustrated the measured depth dose curves after a calculated
shift of -10, -5, 5, and 10 millimeters. For each curve, the 50% range was
estimated by linear interpolation between the data points. These values were
then compared with the estimated 50% range on the reference depth dose curve.
The absolute distance to agreement between the measured 50% range and the
calculated shifts were shown next to each curve. Additionally, the calculated
range shifts were highly correlated with the measured shifts (Figure 50). The
standard deviation of the distance to agreement was 0.04 mm.
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Calculated vs Measured R50
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Figure 50: Correlation of calculated and measured depth dose

4.4 Discussion

4.4.1 Summary

Custom inverted Lucite wedges were designed to degrade the range of
the proton beam to precisely match the distal edge of the target organs. The
dimensions of these wedges balanced attenuation range with size, compatibility
with proton gantry, proton range limit, wedge cart, and treatment couch.The total
WET of the wedges was first determined. Then the distance was calculated to
adjust the proton’s range. This pre-determined shift was a surrogate for the
detector signal and subsequent depth measurement from our detection device

discussed in the previous chapter. One standard deviation of agreement was
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0.04 millimeters. This figure is negligible compared to the in vivo and in vitro

uncertainties of the detector.

4.4.2 Study limitations

One issue that was not addressed during the testing of our aim was the
time effect between when the wedges receive a signal and the time that the
range correction actually occurs. With the speed of the controller and motor
along with the screw index, the maximum estimated wedge speed was 1 inch per
second. Compared with the patient’s anatomic variation from bladder and rectal
filling, this speed was more than adequate. However, breathing induced range
variation was not considered. This issue was a limitation of the entire localization
technique since the distal falloff was only measured and corrected once per spill,
or approximately every two seconds. Further investigation of the effects of
patient breathing on variation of the anatomy in the lower abdomen was needed
before translating this technique into the clinic.

There were two potential solutions to correct for breathing induced proton
range variation. The first was to use an immobilization device that fits completely
around the patient's anatomy. Another potential solution was the use of
stereotactic monitoring and localization with a camera system in conjunction with
our endorectal detector to estimate range variations between pulses. The ability
of the wedges to adjust their position relative to a real-time breathing trace from
the Varian RPM system (Varian Medical Systems, Palo Alto, CA) was tested.
The lag between the position input and the time when the motor matched the

position was slightly greater than 100 milliseconds. However, without
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corresponding data on the magnitude of breathing-induced depth changes and
the correlation of those changes with the patient’s skin surface, this potential
method was speculation.

Another potential improvement of the system would be to add another
dimension of proton beam correction. Additional fibers within the balloon could
detect variation of the depth along the axis of the balloon. Based on difference in
these measured values, a third wedge could be added to rotate the distal edge of
the beam. The impact and feasibility of this technique could be simulated in the
treatment planning system by measuring the rotation of the rectum and target
organs in CT patient data and drawing custom regions of interest as a surrogate
for the third wedge.

4.5 Specific Aim 2 conclusions

A dual wedge Lucite range degrader was designed with the initial goal of 2
millimeter precision, and we demonstrated that our design meets and exceeds
our initial expectations. Considering the precision of both the detector and the
wedges, the range shifting portion of the device should not significantly contribute
to the treatment uncertainty and the residual distal margin needed to ensure

treatment coverage with our localization technique.
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Chapter 5: Dosimetric comparison of IMRT, bilateral proton, and

single anterior proton beam treatment of the prostate
5.1 Introduction

Specific Aim 3: Determine dosimetric benefit of utilizing the in vivo proton

beam detection device and external proton beam range shifter,

Working hypothesis: Using the measured precision of the in vivo proton beam
detection device and external proton beam range shifter, the reduced margin
planning treatment strategies reduce mean rectal dose by 20% over conventional

bilateral proton and IMRT photon therapies.

The conversion of proton stopping power ratio from CT Hounsfield units to
calculate proton range carries large uncertainties, necessitating large distal
margins to ensure target coverage and diminishing the major benefit of proton
therapy. In the case of proton radiotherapy for prostate cancer, the major dose-
limiting organ is the rectum, which is adjacent to the prostate target. In current
practice, institutions adopt bilateral treatment proton beams to avoid pointing the
sharp falloff of the Bragg peak directly in front of the rectum. Unfortunately, this
beam arrangement introduces higher rectal dose due to the large lateral
penumbra of the proton beam. Several published studies compare bilateral
proton treatment with photon IMRT of the prostate and reported significant
sparing of the rectum and bladder volume at low doses (113-116). While low

dose sparing of normal tissues is still beneficial to prostate cancer patients, these
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improvements may have minimal effect on acute rectal and bladder toxicity and
may not allow target dose escalation or hypofractionation of treatment.

Methods to detect the anterior beam at depth were developed at this
institution (this thesis) and elsewhere (99, 100) to eliminate the large distal proton
planning margin, enabling abrupt dose falloff at the anterior rectal wall rather than
the relatively shallow falloff of the lateral beam penumbra with conventional bi-
lateral treatments.

The purpose of this chapter is to evaluate the ability of an anterior proton
beam to adequately spare the rectum considering the measured precision of our
in vivo patient set-up technique discussed thus far in the thesis. this treatment
technique will be compared with the conventional treatment planning techniques:
eight-field IMRT and bilateral proton treatment of the prostate. Based on the
estimated rectal dose for patients receiving our technique for their proton
radiotherapy, the thesis hypothesis will be evaluated.

5.2 Materials and methods

5.2.1 Patient protocol

The first twenty-seven prostate cancer patients treated with proton therapy
at this institution enrolled in an IRB-approved prospective treatment planning
study to compare standard IMRT and bi-lateral proton treatments with a single
anterior proton beam treatment. An additional treatment plan was generated to
simulate patient treatment with an anterior proton beam with a reduced distal
margin. All twenty-seven patients had localized cancer of the prostate (T1-T3,

NO, MO) prescribed to 75.6 CGE in 42 treatment fractions. Patients were
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immobilized with the Dual Leg Positioner (Cisco Systems, San Jose, CA) and
marked with external skin fiducials for treatment alignment with the in-room
lasers. All patients were instructed to maintain a full bladder and empty bowel.
Endorectal balloons (MEDRAD, Inc., Pittsburgh, PA) were inserted into each
patient’s rectum to provide additional prostate immobilization, expand the rectal
volume, and push the upper bowel out of the treatment field. A single CT data
set was created for each patient, contoured by a single physician (AKL), and
exported into treatment planning systems for plan generation. The rectum was
contoured from the anus to the recto-sigmoid flexure. The rectal wall was
generated by contracting the rectal contour by 3 mm and generating an ROI
between the rectal contour and contracted contour. The bladder wall was

generated identically to the rectal wall.

5.2.2 Treatment planning

For the patients’ proton radiotherapy treatment, reference CT data sets
were imported into Varian’s Eclipse treatment planning system. Each daily
fraction was delivered with equally weighted parallel-opposing passively
scattered proton beams as illustrated in the middle of Figure 51. Bilateral proton
beam treatment margins were generated with our standard institutional margin
recipes. The lateral aperture margins for both the bilateral treatment plans and
anterior proton beam treatment plans included allowances for set-up uncertainty
(2mm), patient motion (3mm), and proton lateral beam penumbra (12 mm) for a
total of 17 mm. The distal and proximal margins accounted for uncertainties in

converted CT Hounsfield units to proton stopping power. For the bilateral plans,
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generation of these margins included 3.5% of the proton depth plus a 3 mm
machine-dependent beam energy uncertainty for a total of 10-13 mm distally and
8-10 mm proximally. The distal margin for the anterior proton beam treatment
was 2 mm to account for the estimated precision of the in vivo proton beam
detection method we discussed in the previous two chapters. By measuring the
beam at depth, we avoid the 3.5% of the depth distal margin because we have
not calculated the beam pathlength from CT Hounsfield units. Since we detect
the beam during each proton spill, we also avoid set-up and interfractional motion
uncertainties. The proximal margins of the anterior proton beam plans were also
set to 2 millimeters. The compensator smearing corrected for movement of
tissue heterogeneities in the beam path by assuming the water equivalent depth
to the distal edge of the target at any point is the maximum of its neighbors within
the smearing radius. Determination of the smearing radius included the square
root of the square of 3% of the target depth added with the square of set-up and
motion uncertainties for a total of 8-10 mm. The smearing margin for the anterior

beam plans was maintained at 7 mm.
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Proton-AP

Figure 51: A dosimetric comparison between IMRT, bilateral proton therapy,

and anterior beam proton therapy

CT data was imported into Phillip’s Pinnacle treatment planning software
for IMRT treatment planning generation. The IMRT PTV included an 8 mm
isotropic expansion of the prostate except along the posterior border which was 5
mm (Figure 51: Left). The prescription dose was 75.6 CGE (shown in red). The
IMRT treatment plans were optimized to spare normal tissue dose in the rectum
and bladder at dose levels of 70, 60, and 40 Gy. Additional constraints were set
to prevent hotspots in the femoral head and general normal tissue. The dose to
the CTV was normalized to 100% coverage on the IMRT and bilateral treatment
plans. In some case, complete coverage of the CTV was challenging with a 2
mm margin anterior plan due to the approximation of the compensator before

accounting for scatter. In these cases, the compensator was manually modified
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and the treatment prescription set to a comparable level as the bilateral proton
plans.

Additionally, we generated anterior proton plans with varying distal
margins on a single patient to evaluate the effectiveness of treatment is our in
vivo beam detection is more precise (down to 0 mm margin) or less precise ( as
much as 5 mm margin) than we originally anticipated. @With the known
relationship of distal margin to mean dose to the rectum, the treatment planning
results (2 mm margin) can be extrapolated to the anterior treatment with a margin

reflecting the measured precision of our device (2.4 mm).

5.2.3 Data analysis

Each patient’s dose volume histograms for the prostate, proximal seminal
vesicles, rectum, bladder, rectal wall, and bladder wall were collated in MATLAB
and exported to Excel for data analysis. A single dose population histogram was
generated for each organ in each treatment arm to illustrate the average relative
volume exposed to a dose level. The terms Grey and cobalt-grey-equivalent
were used interchangeably in this study. The relative biological value used for
clinical proton treatment at our institution was 1.1. The dose levels were
generated in 10 cGy bins for display in the dose population histograms. For each
patient and organ, the maximum dose, mean dose, and median dose was
recorded. For the prostate and proximal seminal vesicles, the minimum dose to
0.1 cc was recorded as well. The average, standard deviation, minimum, and
maximum of each of those dose metrics was summarized in tabular form. To

statistically compare our treatment arms for each organ, p-values were
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generated with the student t-test for each dose bin between each treatment arm
for each critical organ. These results were displayed graphically relating the
probability of any treatment arm pairing to be statistically the same at each dose
bin. These graphs were called P-plots.

5.3 Results

5.3.1 Target organ coverage

Table 2 summarizes the dosimetric statistics for the prostate and the
proximal seminal vesicles across our entire 27 patient group. Volume, mean
dose, median dose, maximum dose, and minimum dose are displayed for each
treatment arm and organ of interest. For each metric the statistical mean,
standard deviation, minimum, and maximum describing the 27 patients were
generated. Prostate coverage was comparable between the three treatment
arms. Scatter from the pubic symphysis resulted in small hot spots in the middle
of the prostate for some patients. A single statistical outlier had a maximum
hotspot of 87.3 CGE which was reflected in the mean hot spot over the 27
patients (81.1 CGE for Anterior proton versus 80.3 CGE for IMRT and 79.3 CGE
for bilateral proton treatments). The anterior proton plan appears more
heterogeneous, however many clinicians feel that the relative hot and cold spots
on proton plans in general average over a fractionated treatment due to the
sensitivity of the dose distribution to registration errors of heterogeneities in the
beam path. The invariance of the dose distribution assumed in photon treatment

does not apply for proton treatments.
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[Average [1SD [Max [Min

Prostate Total Volume (cc) 66 18 108 38
IMRT Max Dose (0.1cc) 80.3 1.0 82.8 78.9
Mean Dose 78.5 0.5 80.0 77.6

Min Dose (0.1cc) 76.7 04 77.6 76.0

Median Dose 78.5 0.5 80.0 77.6

Bilateral Max Dose (0.1cc) 79.3 0.5 80.6 78.1
Mean Dose 77.9 0.3 78.7 77.2

Min Dose (0.1cc) 76.5 0.3 77.2 76.1

Median Dose 77.8 0.3 78.7 771

AP Max Dose (0.1cc) 80.9 1.1 83.3 79.4
Mean Dose 77.9 04 78.7 76.6

Min Dose (0.1cc) 75.4 0.5 76.4 741

Median Dose 77.8 0.5 78.7 76.6

Proximal SV Total Volume (cc) 8 3 15 2
IMRT Max Dose (0.1cc) 79.8 0.8 81.7 78.6
Mean Dose 78.5 0.5 79.9 77.5

Min Dose (0.1cc) 771 0.5 77.9 76.1

Median Dose 78.4 0.5 79.9 77.5

Bilateral Max Dose (0.1cc) 78.5 0.5 79.7 77.6
Mean Dose 77.6 0.5 78.7 77.0

Min Dose (0.1cc) 76.8 0.5 78.0 76.1

Median Dose 77.6 0.5 78.7 76.7

AP Max Dose (0.1cc) 79.7 0.9 81.5 77.9
Mean Dose 77.9 0.6 79.5 76.8

Min Dose (0.1cc) 76.0 1.4 78.2 70.6

Median Dose 77.8 0.6 79.4 76.8

Table 2: Dose statistics of the prostate and proximal seminal vesicles

The dose population histograms of the prostate are shown in figure 52.
The IMRT treatment plans appear to be slightly hotter than the bilateral proton
treatment plans; however, these two treatment techniques were both normalized
to receive full treatment coverage to the CTV. The dose population histogram for
the AP proton beam appears troubling at first glance. The Eclipse treatment

planning system had difficulty covering the CTV with a 2 millimeter distal margin
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treatment planning technique. This is because calculation of the range and
subsequent range compensator generation is made without considering lateral
scatter of the proton beam. After the full dose calculation is performed, the
effective treatment margin at any one point along the distal edge of the treatment
beam is slightly different from the margin set by the user. This is an inherent
weakness of the treatment planning system rather than an indictment of the
treatment planning strategy. Some compensation for this miscalculation was
made by manual editing the range compensator and increasing the prescription

isodose line.

Prostate Dose Population Histograms for 27 Patients
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Figure 52: Dose population histogram of the prostate
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Proximal Seminal Vesicles Dose Population Histogram
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Figure 53: Dose population histogram of the proximal seminal vesicles

Figure 53 illustrates the dose population histograms of the proximal
seminal vesicles for our three treatment arms. The results are similar to those
for the prostate. The mean patient minimum dose to the seminal vesicles was 76
CGE which is slightly better than the 75.4 CGE for the prostate. The dose to the
proximal seminal vesicles with our anterior proton treatment plan was slightly

more heterogeneous than the other two arms.
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5.3.2 Rectum and rectal wall dose

[Average [1SD [Max [Min

Rectum Total Volume (cc) 156 17 196 130
IMRT Max Dose (0.1cc) 80.1 0.9 82.0 78.3
Mean Dose 31.5 4.2 38.8 22.3

Median Dose 26.5 4.5 37.7 15.6

Bilateral Max Dose (0.1cc) 78.5 0.7 80.3 771
Mean Dose 23.3 3.8 29.9 16.9

Median Dose 7.9 5.1 194 0.6

AP Max Dose (0.1cc) 79.3 1.1 83.0 77.5
Mean Dose 10.5 2.3 15.7 6.9

Median Dose 0.0 0.0 0.1 0.0

Rectal Wall Total Volume (cc) 31 4 38 26
IMRT Max Dose (0.1cc) 80.0 0.9 81.9 78.2
Mean Dose 33.3 3.6 38.3 26.4

Median Dose 23.4 3.6 31.7 15.1

Bilateral Max Dose (0.1cc) 78.5 0.7 80.2 771
Mean Dose 24.6 2.9 29.7 19.8

Median Dose 3.8 2.7 10.7 0.4

AP Max Dose (0.1cc) 79.1 1.2 84.1 77.3
Mean Dose 16.2 2.3 21.7 12.3

Median Dose 0.0 0.0 0.0 0.0

Table 3: Dose statistics of the rectum and rectal wall

Differences in dose to the rectum and the rectal wall were substantial
between our treatment groups (Table 3). Mean dose to the rectum and rectal
wall was greatest in the IMRT group (31.5 and 33.3 CGE) followed by the
bilateral proton group (23.3 and 24.6 CGE) and anterior proton group (16.2 CGE).
Maximum dose was similar between treatment groups. Over half the rectum was
spared in our anterior treatment group (0 CGE) and nearly half in the bilateral

group (median dose of 3.75 CGE).

115



100% \ Rectal Wall Population DVHs

80% —IMRT

==Proton - Bilateral
—Proton - AP only

60%

40%
20% i LT ‘_'_'__:'_'__'_'::::-_-_-_ "
0% |

100% 1. Rectal Volume Population DVHs

80%

—|MRT

60% _
—Proton - Bilateral
40% —_ =—Proton - AP only
H" “‘lnmﬂlmmml
20% | Iy
0% I oSl

Figure 54: Dose population histograms of the rectal wall and rectum

Figure 54 illustrates the dose population histograms for the rectum
(bottom) and rectal wall (top) for our three treatment techniques. The rectal
sparing is nearly equivalent between bilateral and IMRT treatments except for
low dose regions (sub-30 CGE) where protons substantially outperform IMRT for

both the rectum and the rectal wall. The anterior treatment achieves nearly
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approximately 10-15% sparing of the rectal wall by volume of conventional
bilateral proton treatment at all dose levels. The dose delivered to the entire
rectum with the anterior proton beam treatment is much less than the bilateral
and IMRT treatment techniques at all dose level less than 70 CGE. The dose to
the rectum is comparable between the IMRT and bilateral proton arms for doses
greater than 40 CGE. The dose to the rectum with the anterior beam planning is
nearly half the dose from the other two treatment arms.

The p-plots provide a visual representation of the statistical significance
between the treatment arms (Figure 55). The dose population histograms
display error bars illustrating the standard deviation of the data sets at each dose
bin. The standard deviation of the mean (SDM), which is used for determining
the statistical significance, is the standard deviation divided by the square root of
the number of patients. Therefore the SDM is greater than a factor of 5 times
smaller than the standard deviation. In Figure 54, the SDM is extremely small.
Therefore, small dosimetric changes between the treatment groups can change
the statistical significance abruptly. The abrupt changes of the statistical
significance are represented by the steep gradients of the p-plots. Figure 55
summarizes the statistical differences between our treatment arms for rectal
sparing. The rectal dose for anterior treatment plan is significantly less then
IMRT (red) for all dose level less then 80 CGE (p< 0.01) and less than bilateral
proton for all dose levels less than 77.5 CGE (p < 0.01). The bilateral proton plan
treats significantly less rectum then the IMRT plan for dose levels less than 35.5

CGE and significantly more rectum from 46.7 CGE to 71.4 CGE (p<0.01). The
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bilateral proton and IMRT plans are nearly equivalent at doses near prescription

levels.

Rectum Student's T Test Comparison
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Figure 55: P-plot of the rectum
The statistical differences in the volume of rectal wall treated by our

treatment arms are summarized in figure 56. As in the case of the rectal volume,
the anterior treatment plan treated less rectal wall than the IMRT plan for all dose
levels and less than the bilateral proton plan for all dose levels less then 77.4
CGE (p < 0.01). The bilateral proton plan treated less rectal wall than the IMRT

for dose levels less than 41.4 CGE and greater than 73.3 CGE (p < 0.01).
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Figure 56: P-plot of the rectal wall for all three treatment techniques

119



5.3.3 Bladder and bladder wall dose

[Average [1SD [Max [Min

Bladder Total Volume (cc) 335 141 620 133
IMRT Max Dose (0.1cc) 80.0 0.9 82.0 78.1
Mean Dose 19.0 6.4 33.1 8.8

Median Dose 8.0 6.7 24.6 1.9

Bilateral Max Dose (0.1cc) 78.7 0.6 79.9 77.6
Mean Dose 14.7 5.7 31.2 7.5

Median Dose 1.2 4.2 21.8 0.0

AP Max Dose (0.1cc) 80.1 1.2 82.9 77.2
Mean Dose 221 94 43.4 8.8

Median Dose 8.9 16.8 58.9 0.0

Bladder Wall Total Volume (cc) 57 18 94 28
IMRT Max Dose (0.1cc) 79.8 0.9 81.9 78.1
Mean Dose 19.8 6.0 334 10.2

Median Dose 7.4 6.5 25.0 1.7

Bilateral Max Dose (0.1cc) 78.7 0.6 79.9 77.6
Mean Dose 16.6 54 30.5 8.8

Median Dose 0.8 3.0 15.6 0.0

AP Max Dose (0.1cc) 80.1 1.2 82.8 77.7
Mean Dose 22.7 8.7 401 9.6

Median Dose 7.8 15.1 50.6 0.0

Table 4: Dose Statistics of the Bladder

Dose to the bladder wall were nearly opposite of the rectal wall dose
results (Table 4). The mean dose to the bladder and bladder wall was greatest in
the anterior proton group (22.1 and 22.7 CGE) followed by IMRT group (19.0 and
19.8 CGE) and bilateral proton group (14.7 and 16.6 CGE). The maximum dose
to the bladder and bladder wall were comparable between the IMRT and anterior

proton beam plans and slightly reduced in the bilateral proton beam plans. The
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median dose to the bladder was greater in the anterior treatments than the other

two treatment arms.
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Figure 57: Dose population histograms of the bladder and the bladder wall.

Figure 57 shows the dosimetric comparison of the three treatment
techniques for bladder and bladder sparing. The ability of the bilateral proton
and IMRT plans to spare the bladder is comparable at dose levels greater than

30 CGE. The bilateral plan is slightly better for the low dose regions of the
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bladder and bladder wall. The anterior proton plan delivers approximately 10%
more dose to the bladder wall than IMRT for dose levels greater than 30 Gy and

at all dose levels when compared to bilateral proton treatment.
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Figure 58: P-plot of the bladder wall dose

The statistical differences in the volume of bladder wall treated with our
three treatment technique are summarized in figure 58. The IMRT plan delivered
more dose to the bladder wall than the anterior proton technique for doses less
than 7.8 CGE and less dose from 19.6 to 73.2 CGE (p<0.01). The IMRT plan
delivered more dose to the bladder wall than the bilateral proton technique for
doses less than 31.9 CGE and less dose from 39.8 to 74.1 CGE (p<0.01). The
anterior proton technique treated more bladder wall than the bilateral technique

for all dose levels less than 77.5 CGE (p<0.01).
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Bladder Student's T Test Comparison
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Figure 59: P-plot of the bladder

The statistical differences in the volume of bladder treated with our three
treatment technique are summarized in figure 59. The IMRT plan delivered more
dose to the bladder wall than the anterior proton technique for doses less than
6.7 CGE and less dose from 22.8 to 74.9 CGE (p<0.01). The IMRT plan
delivered more dose to the bladder wall than the bilateral proton technique for
doses less than 38.4 CGE and more volume at levels greater ant 73.5 CGE
(p<0.01). The anterior proton technique treated more bladder wall than the

bilateral technique for all dose levels (p<0.01).
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4.3.4 Femoral head dose

Femoral Head Dose Population Histogram
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Figure 60: Dose population histogram of the femoral heads

Figure 60 illustrates that femoral head dose is considerably more for
bilateral proton treatment than for standard 8-field IMRT. The mean dose to the
femoral heads with the bilateral treatment techniques was 25.1 CGE and 17 CGE
for the IMRT. However, the patient average maximum dose to 0.1 cc of the
femoral heads was 34.5 CGE for the bilateral proton technique and 41.4 CGE for
the IMRT treatments. Generally the femoral heads are constrained to a
maximum dose of approximately 45 CGE, so IMRT treatment may be more likely
to illicit morbidity than the bilateral treatment. Anterior beam treatment delivers

nearly zero dose to the femoral heads.
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5.3.5 Rectal dose and distal margin
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Figure 61: Rectal dose volume histogram as a function of distal margin

Figure 61 illustrates the dose volume histograms (DVH) of the prostate
and rectal volume for a single patient calculated from a two field conventional bi-
lateral proton beam plan and a single anterior proton beam plan with distal
margins of 0 to 5 mm. The mean rectal dose is also displayed for each treatment
planning strategy. The mean rectal dose scales linearly with increasing distal
margin, approximately 100 cGy per millimeter. Although our predicted distal
margin is 2.4 millimeters and our dosimetric study tested a 2 millimeter margins,
we can realistically predict that the mean rectal dose over the 27 patients should

be no more than 100 cGy higher with a 2.4 mm distal margin. Also, this figure
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suggests that the rectal sparing capability of the anterior beam treatment is
preserved even with a 5 mm margin. Table 5 presents the data from Figure 61 in
tabular form. The mean dose, V40, V60, and V70 are displayed for the bilateral
proton and anterior proton plans. For comparison, the values for the anterior
plans were normalized to those of the bilateral plans. The table indicates that the
values of V60 and V70 are more sensitive to the size of the anterior treatment

margin with comparing anterior treatment with bilateral treatment.

Mean Dose V40 V60 V70
[cGy] % Bilateral| % Vol %Bilaterall % Vol % Bilaterall % Vol % Bilateral
AP Omm| 481.5 0.25 5.26 0.24 2.75 0.21 1.39 0.19
APlmm| 581.1 0.30 6.54 0.29 3.76 0.29 2.11 0.29
AP2mm| 690.1 0.36 7.97 0.36 4.83 0.37 3.01 0.41
AP3mm| 798.5 0.42 9.36 0.42 5.98 0.46 3.93 0.54
AP4mm| 921.1 0.48 10.91 0.49 7.30 0.56 4.99 0.68
AP5mm| 1058.4 0.55 12.64 0.57 8.74 0.67 6.28 0.86
Bilateral| 1912.4 1.00 22.33 1.00 13.10 1.00 7.29 1.00

Table 5: Table of rectal dose as a function of anterior proton beam margin

size

5.4 Discussion

5.4.1 Summary

In this chapter, we set out to compare the dosimetric impact of IMRT and
passively scattered bilateral proton beam treatment and investigate the utility of

anterior beam proton treatment utilizing the proton’s rapid distal fall-off for optimal

126



rectal sparing. The previous two chapter outlined methods to detect the anterior
beam at depth. These methods eliminated the distal proton planning margin,
enabling abrupt dose falloff at the anterior rectal wall rather than the shallow
falloff of the lateral beam penumbra with bi-lateral treatments.

The first 27 prostate cancer patients treated with protons at this institution
enrolled in a prospective treatment planning study to compare the three
treatment techniques. Based on the measured precision in the previous two
chapters, we estimated that we needed a 2.4 millimeter treatment planning
margin to ensure treatment coverage. We relaxed our 95% confidence criteria to
90% and applied a 2 mm distal margin for anterior proton beam planning based
on our initial hypothesis. The anterior beam treatment significantly spared the
rectum and anterior rectal wall more than the IMRT and bilateral beam
treatments at all dose levels. However, bladder and bladder wall dose was
greater in the anterior beam treatment than IMRT and bilateral beam treatments
nearly all dose levels. No dose was delivered to the femoral heads with the
anterior beam treatment while the IMRT and bilateral proton treatments delivered

a mean dose of 17.0 CGE and 25.1 CGE to the femoral heads respectively.

5.4.2 Study limitations

Delivery of a highly conformal proton treatment plan with the Eclipse
treatment planning system was challenging because of approximations made
during the generation of the range compensator. Varian upgraded their software
once during this experiment, and the resulting anterior proton plans were

noticeably more homogeneous with the updated software. When the user set a
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particular margin for the target organs, the distance of the prescription isodose to
the target organ should be close to this value at all points along the distal target.
However, the residual distance between the target and prescription isodose did
not always match the specified distal margin. Although the CTV was not always
100 % covered by the anterior plan, the normal tissue dose could potentially be
lower with improved software. The TPS generated cold spots were compensated
by increasing the dose delivered to the tumors, which in turn generated many
hotspots. The compensator was manually edited in problematic areas, greatly
increasing the range of the beam in nearby areas where additional margin was

not necessarily needed.

5.4.3 Previous dosimetric comparisons

Several authors have investigated the potential of proton therapy relative
to IMRT with dosimetric planning studies. Lomax (113) compared proton and
photon intensity modulated radiotherapy in nine different patients with a variety of
treatment legions including one patient with metastasizing prostate carcinoma
treated with a single anterior spot-scanning proton beam. All plans included
planning target margins as indicated in ICRU 50 and additional corrections were
made for tissue inhomogeneities in the beam path. They reported greater
treatment homogeneity in the target volume and nearly a three-fold reduction in
the volume of normal tissue at 30% of the prescription for anterior proton
treatment over 4-field conformal photon and 9-field IMRT. Dmean and Vsoe, were
less for proton treatment over conformal photon and IMRT for all organs at risk;

however maximum dose and V7o were comparable between proton treatment
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and IMRT. Interestingly, rectum was not included as an organ-at-risk for this
patient. Since this particular study treated to a relatively large fraction of the
pelvis when compared with our treatment target, it was difficult to draw
comparisons between the results.

Cella et al (117) compared 3D conformal photon, bilateral proton, 5 field
IMRT, and 5 field IMPT treatments for a single patient. The PTV margin was a 1
cm expansion of the prostate and SV except at the rectal interface where the
margin was 6 mm. Both proton arms exhibited increased homogeneity in the
target and subsequently greater estimated TCP (95% versus 93%). Rectal
sparing was increased at all dose levels below Vgge, by the proton treatments.
Authors estimated NTCP for late grade-three rectal toxicity with dose escalation
to 99 Gy to be 4.7% for IMRT and 3.9% for IMPT. This study used geometric
margins for their proton plans which resulted in a much more conformal
treatment plan. Therefore the comparison with their intensity-modulated proton
plan was not very useful. Their bilateral proton plan was comparable to our own
since our lateral margins are set with a geometric expansion. After rescaling
their dose volume histogram, the rectal dose on their patient was comparable to
our dose population histogram. However, their IMRT results were extremely
different. They excluded the anterior rectum from the PTV, resulting in nearly no
volume of the rectum receiving dose in excess of 90% prescription. Their IMRT
plan also appeared less conformal to the rectum at moderate dose levels (~ 50%
prescription), and the bilateral consequently spares much more of the rectum

than predicted in our study.
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Mock et al (114) compared bilateral proton, 4-field conformal photon, and
7 field IMRT treatments for 5 prostate cancer patients simulating different
disease stages by including no SV, proximal SV, or entire SV in the treatment
volume. The PTV was generated with a uniform 5 mm expansion of the CTV.
Inclusion or exclusion of the SV made little difference in the relative dosimetry
between the treatment arms. Proton treatment substantially decreased integral
dose at the cost of decreased dose homogeneity in the PTV. Proton treatment
provide near equivalent femoral head sparing to IMRT, slightly increased bladder
sparing, and substantially increased sparing to the rectal wall (~ absolute
reduction of 20% at Vsp9, and 10% at Vgo9,). This study’s methods were closer to
our own study. The 5 millimeter clinical target volume expansion they utilized
was comparable to our lateral margin; however their IMRT plans spared the
rectum considerably less than in our study. Their rectal DVH for the bilateral
proton plans were very similar to our own.

Muzik et al (118) compared static and dynamic MLC linac-based IMRT,
helical tomotherapy , and spot-scanning proton therapy (2 lateral-oblique beams)
for a single deep seated prostate case. Again, their rectal dose for their proton
treatment was similar, but their photon therapy rectal doses were considerably
higher than our own.

Trofimov et al (115) compared IMRT, bilateral proton therapy, and IMPT
for 10 prostate cancer patients. They included compensator smearing in addition
to the traditional planning treatment margins for the target organs. Comparison

of their IMRT and bilateral treatment arms was similar to our own results. They
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found little difference between the two treatment techniques for all doses in
excess of 40 Gy. Their bladder dose results were also similar to our study. They
found that the bladder dose in the bilateral proton arm was slightly higher on
average from 40 Gy to prescription dose than in the IMRT arm and less at low
doses.

Vargas et al (116) reported the rectal and bladder doses of the first 10
sequentially treated proton cancer patients at their institution. They set a 5mm
axial PTV expansion and an 8 mm expansion cranial-caudally. They optimized
the proton beam angles to maximally spare the rectum and bladder. They also
reduced the lateral aperture margin from 1 cm to 7-8 mm posteriorely. The
optimization in beam angle along with the reduction in the lateral aperture at the

rectum led to significantly more rectal sparing than in our study.

5.4.4 Bladder and rectal toxicity

The use of the anterior proton therapy beam for prostate treatment has
some potential limitations as well. The most obvious limitation is the increased
bladder dose. A series of studies at our institution have modeled GU and Gl
toxicity as functions of bladder and rectal dose respectively (75, 78, 119).
Results of these studies suggested that the strongest determinant of late bladder
toxicity was the dose to the hottest 2.9% of the bladder. The determinants of late
rectal bleeding were uncertain, however, the rectum did appear to exhibit a
strong dose-volume effect. These two results in combination suggested a
therapeutic gain by reducing the rectal dose-volume at the cost of some bladder

dose. However, these studies enrolled 3D-CRT patients without the use of a
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rectal balloon and therefore may not adequately predict the occurrence and GU
and Gl toxicity in highly conformal therapy utilizing rectal balloons which can
dramatically alter rectal dose(120-122). Oncologists will have to use their own
discretion when choosing suitable treatment planning strategies until additional
investigations addressing GU and Gl toxicity in proton therapy prostate patients

with rectal balloons are published.

5.4.5 RBE enhancement in the SOBP

Protons have comparable treatment effect as photons; however, a slight
adjustment to the prescription is necessary to account for the slight difference in
the relative biological effectiveness (RBE) of protons relative to equivalent photon
dose. The dose delivered with proton treatment must be corrected with the
experimentally determined RBE and which will convert dose delivered in Gray to
cobalt grey equivalent (CGE) dose. The generally accepted value for the RBE
of protons in the clinical therapeutic range is 1.1, however there is some
uncertainty in this experimentally determined value, particularly at the distal edge
of a proton SOBP (123). In vivo measurement estimates this enhancement at
approximately 10%. In vitro studies have estimated distal RBE as great as
1.4.(124) RBE enhancement at the rectal wall could be problematic; however,
there is a simultaneous dose fall-off in this region as the intensity of the proton
beam drops off. Depending on the safety margin used in our in vivo feedback
system, it is unclear which factor (RBE enhancement vs. rapid dose falloff) will be
the dominant factor for the rectal wall. Nevertheless, this 1-2 cm dose

enhancement region would benefit for prostate treatment. Biopsy studies have
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shown that tumor foci are preferentially located in the peripheral zone of the
prostate. (125, 126) The potential biological dose enhancement would improve
the therapeutic ratio for proton therapy with an anterior beam arrangement.
5.5 Specific Aim 3 conclusions

In this chapter, the dosimetric benefit of utilizing the in vivo proton beam
detection device and external proton beam range shifter was determined
considering our previous estimation of the technique precision. The estimated
precision from the previous two chapters was 2.4 millimeters. We compared
treatment with a 2 millimeter anterior proton beam with conventional IMRT and
bilateral proton treatments for 90% treatment confidence. Bladder and rectal
dose are similar between current IMRT and bilateral proton prostate treatments
at dose levels above 30-40 CGE. With the implementation of in vivo proton
beam detection, anterior proton beam treatment of prostate is a possible
treatment alternative, substantial sparing dose to the rectum and femoral heads
at the cost of increasing bladder dose. Given the relative amount of sparing of
the rectum and increased bladder dose, we anticipate a therapeutic gain with our

technique.
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Chapter 6: Dissertation conclusion

At the beginning of this thesis, we hypothesized that the use of in vivo
proton beam detection within a rectal balloon and dynamic range modulation of
an anterior proton beam will enable the use of a reduced distal margin, reducing
the mean rectal dose by 20% over conventional bilateral proton treatment and
IMRT. To test this hypothesis a scintillation fluid filled endorectal balloon was
designed for real-time determination of an anterior proton beam’s range. The
goal of 2 millimeter precision was nearly met. The estimated 95% confidence
interval was 2.4 millimeters. A dual wedge Lucite range degrader was designed
with an initial aim of 2 millimeter precision, and the design performance
exceeded our expectations with an estimated 0.04 millimeter precision. The
dosimetric benefit of utilizing the in vivo proton beam detection device and
external proton beam range shifter was then determined by comparing treatment
with a 2 millimeter anterior proton beam with conventional IMRT and bilateral
proton treatments. The anterior beam treatment exceeded the expectations of
our hypothesis, halving the dose the rectum receives during treatment. With the
implementation of in vivo proton beam detection, anterior proton beam treatment
of prostate is a feasible treatment option, substantial sparing dose to the rectum.
Further work to translate this technology into clinical use should be promptly
completed to reduce incidence of rectal morbidity in patients treated for prostate

cancer with radiation therapy.
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