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Purpose: To quantify interfractional anatomical variations and their dosimetric impact during the

course of fractionated proton therapy (PT) of prostate cancer and to assess the robustness of the cur-

rent treatment planning techniques.

Methods: Simulation and daily in-room CT scans from ten prostate carcinoma patients were ana-

lyzed. PT treatment plans (78 Gy in 39 fractions of 2 Gy) were created on the simulation CT, deliv-

ering 25 fractions to PTV1 (expanded from prostate and seminal vesicles), followed by 14 boost

fractions to PTV2 (expanded from prostate). Plans were subsequently applied to daily CT, with

beams aligned to the prostate center in the sagittal plane. For five patients having a sufficiently large

daily imaging volume, structure contours were manually drawn, and plans were evaluated for all

CT sets. For the other five patients, the plans were evaluated for six selected fractions. The daily

CT was matched to the simulation CT through deformable registration. The registration accuracy

was validated for each fraction, and the three patients with a large number of accurately registered

fractions were used for dose accumulation.

Results: In individual fractions, the coverage of the prostate, seminal vesicles, and PTV1 was gener-

ally maintained at the corresponding prescription dose. For PTV2, the volume covered by the frac-

tional prescription dose of 2 Gy (i.e., V2) was, on average, reduced by less than 3% compared to the

simulation plan. Among the 225 (39� 5þ 6� 5) fractions examined, 15 showed a V2 reduction larger

than 5%, of which ten were caused by a large variation in rectal gas, and five were due to a prostate

shift in the craniocaudal direction. The fractional dose to the anterior rectal wall was found to increase

for one patient who had large rectal gas volume in 25 of the 39 fractions, and another who experienced

significant prostate volume reduction during the treatment. The fractional bladder dose generally

increased with decreasing fullness. In the total accumulated dose for the three patients after excluding

a few fractions with inaccurate registration due to a large amount of rectal gas (a condition inconsis-

tent with RTOG protocol), 98.5%, 96.6%, and 98.2% of the PTV2 received the prescription dose of

78 Gy. The V75 and V70 of the anterior rectal wall and bladder both remained within tolerance.

Conclusions: The results confirm that the PT planning techniques and dose constraints used at our

institution ensure that target coverage to the prescription dose is maintained in the presence of inter-

fractional anatomical variations. Dose coverage in individual fractions can be compromised, and

normal tissue dose increased, due to deviations in the bladder and rectal volume compared to the

simulation plans or progressive changes in the prostate volume during the treatment. Deviations

from the plan can be reduced with efforts aimed at maintaining consistent daily patient anatomy.
VC 2011 American Association of Physicists in Medicine. [DOI: 10.1118/1.3604152]
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I. INTRODUCTION

Radiation therapy, including proton therapy (PT), is increas-

ingly used for curative treatment of prostate cancer.1,2 With

the latest beam delivery and image guidance technologies, it

has become possible to conform the treatment dose tightly to

the target volume and significantly reduce the daily setup

variations.3–5 Nevertheless, during a course of fractionated

photon or proton beam therapy, which typically lasts for

approximately 8 weeks, the volumes, shapes, and positions

of the pelvic organs can vary, jeopardizing the accuracy of

dose delivery.6
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The assessment of the dosimetric impact of interfractional

anatomical variations is a twofold issue. In the first step, ana-

tomical and setup variations are identified and measured,

and in the second step, the dosimetric impact of the various

motion patterns is evaluated for individual fractions and

accumulated over the whole treatment course. During the

past two decades, the first step has been thoroughly exam-

ined by multiple groups.7–10 As an initial investigation on

the second step, Zhang et al. used in-room serial CT images

acquired weekly immediately prior to eight of the 42 treat-

ment fractions using a CT-on-rail system to evaluate the

impact of interfractional organ motion on the dose delivered

in photon and proton beam therapy.11 These investigators

concluded that the impact of interfractional motion on 3D

conformal PT was not worse than that on photon beam

intensity-modulated radiation therapy (IMRT). While that

study provided important insights on the dose delivered in

sampled fractions, it is of interest to understand the dosimet-

ric impact accumulated through the full treatment course so

as to fully appraise the robustness of the current planning

techniques and the risk of potential radiation toxicity to the

various critical organs.

To assess the dose delivered to the targets and healthy tis-

sue in the context of daily changes in the setup and anatomy,

in addition to image data capturing these changes, a method

is required to track the dose contributions delivered in indi-

vidual fractions, and accumulate the total dose on a reference

anatomy. Deformable image registration has been used for

this purpose.12 The accurate accumulation of the delivered

dose provides one with tools to evaluate both the robustness

of the current planning and treatment techniques, and the

possibility of further enhancing dose conformality through

the reduction of target margin.

In this study, we focus on evaluating the effect of varia-

tions on the dose delivered to the target and critical organs,

using serial CT images acquired prior to each treatment frac-

tion. Deformable image registration was used to calculate

the dose accumulated throughout the entire course. We also

assess the performance of current standard planning techni-

ques in maintaining the target coverage and sufficient spar-

ing of healthy organs, identify potentially problematic

scenarios, and make recommendations on how to reduce

dosimetric variations in fractionated PT.

II. METHODS AND MATERIALS

II.A. Patient data

This study used simulation and daily serial CT images

from ten low- and intermediate-risk prostate patients, treated

with photon beam IMRT. The data were provided by Dr.

James Wong (Morristown Memorial Hospital, Morristown,

NJ). The simulation images were acquired before the start of

the treatment using a CT simulator, and the daily images

prior to each fraction with a CT-on-rail system.9 Given that

the daily CT images were taken for localization (rather than

dose calculation), only five of the ten patients had imaging

volumes sufficiently large in the craniocaudal direction for

proton dose calculation in all fractions. The dosimetric

impact of interfractional anatomical variations was system-

atically evaluated on these five patients and tested on six

selected fractions for the remaining five patients (patients 6–

10). The axial resolution of the simulation and daily CT

images was approximately 1 mm, and the slice thickness

was 5 mm.

II.B. Structure contouring

The various targeting and critical structures were man-

ually contoured on simulation images of all ten patients, all

daily images of patients 1–5, and six selected fractions of

patients 6 through 10. The prostate and seminal vesicles

were contoured by a radiation oncologist, whereas the blad-

der, rectum, and femoral heads were contoured by a medical

physicist under the supervision of the radiation oncologist.

The uncertainty in prostate volume definition due to contour-

ing and partial volume effect in CT was evaluated using the

daily prostate volumes for patients 1–5. The long-term trend

in the prostate volume variation was fitted to a linear func-

tion, and the linear fit was subtracted from the data. The

standard deviation of the resulting distribution, obtained

from 195 fractions (39� 5), was used to evaluate the uncer-

tainty in prostate volume calculation. Such evaluation is

valid for prostate due to its limited compressibility. How-

ever, it is not practical for bladder or rectum, because their

volumes are mainly determined by the filling status.

At our institution, the seminal vesicles are only treated up

to 10 mm superior to the base of the prostate for low- and

intermediate-risk patients. Also, for patients with large semi-

nal vesicles, only the anterior halves are treated given that

the microscopic disease is unlikely to extend to a longer dis-

tance.13 The anterior rectal wall was contoured from the

anus to the rectosigmoid junction. Although all simulation

images included full length of the rectum, most of the daily

images did not. Consequently, the volume of anterior rectal

wall irradiated to a given dose level was evaluated in millili-

ter (not percentage). Among the five patients with daily

imaging volume sufficiently large for dose evaluation, only

three had daily imaging volume containing the whole blad-

der (patients 1–3).

II.C. Treatment planning

Treatment plans for 3D-conformal PT were generated

with a commercial treatment planning system (TPS) XiO

(CMS, St. Louis, MO). Plans were created for all patients

based on their simulation CT, using standard target defini-

tion, dose prescriptions, and lateral opposed beam configura-

tion.8 The gross tumor volume (GTV) included the prostate

gland, whereas the clinical target volume (CTV) contained

the prostate and the clinically involved seminal vesicles (see

Sec. II B). In order to account for intrafractional organ

motion (which could not be modeled using the CT images

acquired prior to treatment), the CTV and GTV were

expanded with a uniform margin of 5 mm to obtain their cor-

responding planning target volume (PTV), referred to as

PTV1 and PTV2, respectively. It must be emphasized that

this definition of PTV is different from the conventional
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definition used in photon beam therapy, which also accounts

for interfractional organ motion and setup error. Essentially,

the PTV, as it has been traditionally defined in proton ther-

apy of the prostate,8,11 is equivalent to the internal target vol-

ume (ITV) used in photon therapy for moving tumors.

The dose prescriptions were 50 Gy in 25 fractions to

PTV1 (referred to below as full-field beams) followed by

another 28 Gy in 14 fractions to PTV2 (referred to as boost

beams). The dose was delivered by opposed lateral beams.

The desired coverage for PTV1 and PTV2 is 97% at 50 and

78 Gy, respectively. Coverage of �95% is considered ac-

ceptable if dose constraints to the normal tissues cannot be

reached with the desired target coverage. For bladder, the

maximum dose should not exceed 81.9 Gy (i.e., 105% of 78

Gy), and the volume receiving dose higher than 75 and 70

Gy (V75 and V70) should be limited to 25% and 35%,

respectively, as recommended in RTOG-0126.14 For the an-

terior rectal wall, V75 and VV0 should be limited to 15%

and 25%, respectively. These rectal dose constraints are

much more restrictive than those used in RTOG-0126, which

specifies dose-volume limits to the whole rectum.

A proton field is defined by a beam aperture, range com-

pensator, and beam fluence. From the beam’s-eye-view, the

beam aperture was used to conform the dose laterally to the

PTV. To account for penumbra broadening and ensure lat-

eral coverage, the aperture for the two full-field beams was

uniformly expanded by 10 mm (i.e., the width of the 50%–

98% penumbra at the typical prostate depth) from the PTV

projection. For the two boost beams, a uniform aperture

expansion of 10 mm was initially used. If the dose constraint

to the anterior rectal wall could not be met, the expansion in

the direction posterior to the prostate could be reduced by up

to 5 mm. While the nominal expansion was used for patients

1, 3, 4, 9, and 10, the posterior expansion was reduced to 7

mm for patients 2, 5, and 6, and to 5 mm for patients 7

and 8.

The range compensator, which was used to conform the

dose distally to the PTV (also from the beam’s-eye-view),

was expanded with a 10 mm radial smearing to prevent

underdosing due to the misalignment between the bones and

the prostate, resulted from interfractional anatomical and

setup variations (which modified the range of the proton

beams).8,10 Because of uncertainties in range estimation,

3.5% distal and proximal margins were added to the spread-

out Bragg peak. An additional margin of 1 mm was also

added to account for the uncertainty in the proton energy cal-

ibration. While the beam fluence was initially calculated for

100% of the prescription dose, it was normalized, typically,

to a lower isodose level, so as to assure sufficient target cov-

erage. The global hot spots induced by such normalization

were limited to 105% of the prescription dose.

The plan was applied to in-room CT scans from all 39

fractions for patients 1–5. For the remaining patients, the

plan was applied to 6 CT sets taken throughout the treatment

course—1st, 11th, and 21st fractions for the full-field beams

and 1st, 8th, and 14th fractions for the boost beams. The

beams were aligned using the geometric center of the pros-

tate in the sagittal plane (coordinates provided by the TPS).

The actual range of the proton beams was determined by the

anatomical structures in the beam path. This method corre-

sponds to the best case scenario for localization using

in-room CT and is clinically practical if the prostate center

can be calculated online by computer software using deform-

able registration. The intent of this study is to evaluate the

impact of interfraction organ motion. To isolate this effect

from setup error, perfect prostate targeting was assumed.

II.D. Fractional dose

The CT images, dose plan and structure contours were

imported from XiO into a MATLAB-based data analysis soft-

ware—CERR,15 which allows one to display and add dose dis-

tributions, calculate structure volumes, and dose-volume

histograms. The daily prostate volume was compared to the

simulation volume. The fractional coverage of the GTV,

CTV, PTV1, PTV2, anterior rectum, and bladder was studied

for the full-field and boost beams for patients 1–5, and for

the selected fractions of the remaining five patients.

The fractional results were expressed as the percentage of

volume receiving a dose higher than a given level (e.g., V2,

volume receiving 2 Gy or higher) or the dose covering a spe-

cific fraction of the volume (e.g., D97, dose covering 97% of

the volume). The deviation of the fractional value from the

planned value was expressed, for example, for V2, as

DV2 ¼ V2fractional � V2planned; (1)

where V2fractional represents the mean of the fractional V2.

The results for the full-field and boost fractions are denoted

with subscripts, e.g., as DV2F and DV2B, respectively.

II.E. Delivery schemes and deformable dose
accumulation

Three dose distributions were calculated for each fraction,

delivered by a lateral beam of 2 Gy (alternating between left

and right beams), or opposed lateral beams of 1 Gy each.

The examination of fractional results for all three beam con-

figurations allowed us to maximize the use of available data

for studying the dosimetric impact of pelvic organ motion

(e.g., femur rotation viewed by the two beams can be

different).

The daily CT was registered to the simulation CT using a

publicly available software, PLASTIMATCH.16,17 This software

utilizes a three-stage multiresolution B-spline algorithm to

match the test image of interest (in this case, the daily CT) to

a reference image (the simulation CT). The product of this

registration process is a deformation field that describes the

transformation from the test geometry to the fixed reference

geometry. Using the deformation field, the fractional dose

was projected from the daily CT to the simulation CT coor-

dinate system. The software has been previously tested and

validated for thoracic tumors.18–20 In order to validate its ac-

curacy for prostate tumor, the D97 (dose covering 97% of

the volume) of PTV2 derived from the mapped dose distri-

bution was compared to the gold standard—the value

directly calculated by the TPS using manual contours. Only

the fractions with minimal deviation (<3%) were used for
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dose accumulation. For all delivery protocols, the dose accu-

mulated in the full-field and boost fractions were renormal-

ized to deliver 64.1% (25/39) and 35.9% (14/39) of the total

dose, respectively, so as to allow direct comparison to the

original plan created based on 39 fractions for 78 Gy. The

fractions with inaccurate dose mapping were qualitatively

inspected. The patients with a large number of inaccurately

registered fractions were omitted for the dose accumulation

study.

For the patients included (i.e., patients 1, 3, and 5), the

daily dose were added to yield the accumulated dose, which

was compared to the simulation plan. Three different deliv-

ery (dose accumulation) schemes were considered: starting

with either a left beam (scheme L) or a right beam (scheme

R) and alternating sides, or delivering both fields of 1 Gy

daily (scheme B).

III. RESULTS

III.A. Prostate volume variations

Table I shows the simulation (in milliliter) and daily (in

percentage, normalized to simulation) prostate volume for all

ten patients. A total of 39 fractions (25 full-field and 14 boost)

were examined for the first five patients, whereas only six

(3 full-field and 3 boost) were studied for the last five

patients. The median volume at simulation was 32.6 ml, with

seven patients between 19 and 36 ml, whereas patients 5, 6,

and 7 had larger prostates of 63, 104, and 72 ml, respectively.

Volume calculation is affected by the uncertainties of prostate

contouring and partial volume effect in CT. Using the pros-

tate volume for the five fully examined patients, the uncer-

tainty of volume calculation is estimated to be 5.5% (see

Sec. II B for more details). Except for patients 5 and 10, the

daily volumes ranged from �85% to 117%. The two excep-

tions both exhibited significantly reduced prostate volume as

the treatment proceeded. The mean daily volume is within

63% of simulation for patients 1, 3, 4, and 9, more than 5%

higher for patients 2, 6, and 8, and more than 5% lower for

patients 5, 7, and 10. Patients 2, 6, and 8 have an inflated rec-

tum at simulation, but empty rectum on most treatment days,

resulting in increased daily volume. For patients 1, 4, 8, and

9, the daily volume variation is approximately the same for

the full-field and boost fractions, whereas more significant

variation was observed in the boost fractions for the remain-

ing six patients.

Figure 1 shows the daily prostate volume (in milliliter)

for the five fully evaluated patients, with the red line repre-

senting a linear fit to the data. Patients 1, 2, and 4 did not

show an obvious trend of variation. Patients 3 and 5 exhib-

ited a significant trend of volume reduction, both with p
value of <0.01.

III.B. Fractional dose

The fractional dose distributions were calculated by the

TPS for all 39 fractions for patients 1–5, and six fractions for

patients 6–10. For the fractional results calculated at a pre-

scription dose of 2 Gy, V2, V1.92, and V1.79 correspond to

the volumes covered, respectively, by 78, 75, and 70 Gy in

the full 78 Gy course. The accumulated V75 and V70 of the

anterior rectal wall and bladder are relevant indicators of the

potential risk of radiation toxicity. Note, that the PTV, as tra-

ditionally defined proton treatments of the prostate, is similar

to the ITV used in photon therapy for moving tumors. Due

to the existence of intrafractional organ motion, which could

not be modeled in this study, using CT images acquired prior

to treatment, the underdose of PTV may result in a reduced

coverage of GTV and CTV.

III.B.1. GTV, CTV, and PTV1

The GTV was fully covered by the prescription dose in

most fractions. Loss of GTV coverage was only observed in

the boost fractions of patients 2, 6, and 7, which had a mean

DV2 of �95%, 98%, and 97%, respectively. The coverage

reduction for patient 2 and 6 was a combined result of

increased prostate volume (�108.7% and 109.5%, respec-

tively) and reduced beam aperture expansion in the posterior

direction (0.7 cm for both patients), whereas the loss for

patient 7 was mainly due to an even smaller expansion (0.5

cm). The coverages of CTV and its corresponding PTV

(PTV1) were generally not of concern due to their lower pre-

scription dose and additional coverage provided by the boost

fractions.

III.B.2. PTV2

The target volume most sensitive to interfractional ana-

tomical variations is PTV2 to which the high dose of 78 Gy

is conformed. Figure 2 shows DV2 and DD97 of PTV2 for

the five fully examined patients. The results were shown sep-

arately for the full-field and boost fractions, executed by the

three different delivery schemes (see Sec. II E). Although

the use of scheme B can occasionally lead to better coverage

than the other two schemes, it did not make a significant dif-

ference in most of the fractions. For reasons of simplicity,

TABLE I. The prostate volume at simulation, as well as range and mean of the daily prostate volume relative to simulation.

Patient number 1 2 3 4 5 6 7 8 9 10

Simulation (ml) 19.2 29.8 36.0 20.2 62.6 103.5 71.8 35.9 27.1 29.2

Daily minimum (%) 85.1 94.9 85.1 90.5 69.8 103.5 82.8 108.1 95.4 78.6

Daily maximum (%) 113.5 117.1 115.1 110.7 111.9 111.4 101.9 117.0 111.0 98.6

Daily mean (%) 97.8 106.2 100.0 99.3 87.6 108.1 93.6 111.4 101.2 92.0

Full-field mean (%) 97.8 104.8 102.9 99.2 92.9 106.7 100.5 111.2 101.0 94.9

Boost mean (%) 97.8 108.7 94.8 99.3 78.2 109.5 86.7 111.5 101.4 89.1
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the remaining discussion for this figure will be focused on

the results for scheme B. As shown in Figs. 2(a) and 2(c),

DV2F and DD97F were negative for all five patients, i.e., the

coverage decreased due to daily variations. This is mainly a

result of the very high planned values of V2F (�98.0%,

98.6%, 99.3%, 100.0%, and 99.4%) and D97F (�100.2%,

100.4%, 101.0%, 101.4%, and 100.5% of 2 Gy) for the full-

field beams. It was difficult to maintain such a high coverage

in the presence of interfractional anatomical variations.

DV2F was approximately �1% for patient 5, �2% for

patients 1, 2, and 4, and �3% for patient 3, whereas DD97F

was within �1 cGy for patient 5 and within �2.6 cGy for

the other four patients. The magnitude of DV2F and DD97F

was greater than the standard deviation for patients 3 and 4,

indicating a statistically significant trend of coverage reduc-

tion. Among these five patients, patient 5 exhibited the

smallest loss of coverage, which was found to be associated

with the reduced prostate volume (as shown in Table I and

Fig. 1). Indeed, excluding three outlier fractions, DV2F and

DD97F were only �0.4 6 0.5% and �0.1 6 0.3 cGy, respec-

tively, for this patient. As shown in Figs. 2(b) and 2(d), the

DV2B and DD97B for patients 1, 3, and 4 were within statisti-

cal uncertainty. Patient 5 exhibited a positive DV2B, due to

the significant drop in the prostate volume. However, the

DD97 was negligible due to the high-dose homogeneity in

the target volume. Patient 2 showed a negative DV2B,

mainly due to the prostate volume increase of �9% from

simulation. The variation of DD97B was more significant

FIG. 1. The relative daily prostate volume for patients 1–5. The red lines are linear fits to the data. The trends are statistically significant for patients 3, 5.

FIG. 2. Change in the volume irradiated to 2 Gy in (a) full-

field, DV2F, (b) and boost fractions, DV2B, and dose to

97% of volume in (c) full-field, DD97F and (d) boost,

DD97B of PTV2 for patients 1–5. The results for DV2 and

DD97 are shown in percentage and centigray, respectively.

The error bar shows the normalized standard deviation.

The results are shown for three delivery schemes—one

beam of 2 Gy per fraction starting from the right (R) and

left (L) side of the patient, as well as both lateral beams

each delivering 1 Gy (B). If the full-field beam started

from one side of the patient, the boost beam should start

from the opposite side. Note that, as indicated by the red

arrows in (d), the DD97B results were out of the frame for

patient 2. For schemes R, L, and B, his DD97B was

�20.3 6 12.3 cGy, �19.5 6 11.3 cGy and �19.0 6 10.9

cGy, respectively.
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(�19.0 6 10.9 cGy) due to the sharp dose gradients at the

boundaries of PTV2. As previously mentioned, the smaller

prostate volume observed in this patient at simulation was

likely due to the highly extended rectum.

For the five partially evaluated patients, the general

behaviors of PTV2 coverage were consistent with those

demonstrated by the five fully evaluated patients. Among the

225 fractions evaluated for the ten patients (140 full-field

fractions and 85 boost fractions), reduction of V2 was more

than 3% in 56 fractions (32 full-field and 22 boost), and

more than 5% in 15 fractions (9 full-field and 6 boost). Nota-

bly, the frequency of a given coverage loss was not different

for the full-field and the boost fractions: for both parts of the

treatment, a V2 reduction of 3% or more was observed in

25% of the fractions, and a reduction of 5% or more in 7%

of the fractions.

Among the 15 fractions with a V2 loss of 5% or more,

nine were affected by rotational motion of the prostate in the

sagittal plane caused by significant change in rectal gas vol-

ume. As shown in Figs. 3(a)–3(d), the presence of large vol-

ume of rectal gas forced the prostate to rotate

counterclockwise in the sagittal view (from the left side of

the patient), compared to the data sets with no gas. For the

example shown in Figs. 3(a) and 3(b), rectal gas was present

at simulation but absent at treatment, resulting in coverage

reduction in the posterior–superior quadrant of the PTV2.

(The anterior–inferior quadrant had little freedom to move

anteriorly and thus was not significantly affected by such

rotational motion.) An opposite example is shown in Figs.

3(c) and 3(d), where rectal gas was absent at simulation but

present at treatment, leading to loss of coverage in the ante-

rior–superior and posterior–inferior quadrants of the PTV2.

The tenth example of large coverage loss (patient 10, frac-

tion 39) involved significantly increased rectal gas along

with considerably reduced prostate volume, as shown in

Figs. 3(e) and 3(f). In this case, the prostate volume

decreased so much (to approximately 79% of simulation)

that the rectal gas pushed the whole prostate to move anteri-

orly by �19 mm. This significant shift led to a considerable

change of proton range, resulting in a V2 reduction of �10%

(representing the largest loss of V2 among the 225 fractions

evaluated). The remaining five fractions with large V2 reduc-

tion all exhibited a superior prostate shift of one slice (5

mm) with respect to bone structures. In these cases, loss of

coverage was mainly found in the superiormost and inferior-

most slices, which experienced the most dramatic change of

proton range. Finally, although five of the above 15 fractions

exhibited a prostate volume increase of 10% or more, com-

pared to the simulation, the increasing volume by itself did

not always lead to a significant loss of target coverage. Such

large prostate enlargement was also observed in other 24

fractions, which did not show large reduction in V2.

III.B.3. Anterior rectal wall

Figure 4 shows the DV1:92 and DV1:79 for the anterior

rectal wall for patients 1–5. Because the rectum was not fully

included in most of the daily images, the results in this figure

are shown in milliliter (rather than percentage). The magni-

tudes of DV1:92 and DV1:79 were generally consistent

(within the range of statistical uncertainty) for a patient in a

specific part of the treatment. In the full-field fractions, the

additional volume of the anterior rectal wall irradiated at the

two dose levels was �1 ml for patient 1 and 4 and �4 ml for

FIG. 3. The left column shows the sagittal view of the planned dose distributions for (a) the boost beams of patient 2, (c) the full-field beams of patient 4, and

(e) the boost beams of patient 10. For comparison, the right column shows the same view of the dose distributions delivered in (b) the 10th boost fraction of

patient 2, (d) the 11th full-field fraction of patient 4, and (f) the 14th boost fraction of patient 10. The blue, purple, and brown contours represent PTV2, ante-

rior rectal wall and bladder, respectively. The three isodose lines, from inside out, were drawn at 2, 1.92, and 1.79 Gy, corresponding to 78, 75, and 70 Gy in

the full 78 Gy course. The green arrows in (a), (d), and (f) are used to indicate the location of large volumes of rectal gas.
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patient 5. In the boost fractions, overdose to �1–2 ml of rec-

tal wall was observed for patient 4 and �3–4 ml for patient

5. In both parts of the treatment, rectal dose variations

observed in patients 2 and 3 were small. The additional rec-

tal volume irradiated in the full-field fractions of patient 1

might not be a clinically significant issue, given that the

additional volume might not receive the high-dose in the

boost fractions. The increased rectal dose for patient 4 was

mainly due to the presence of rectal gas at treatment, which

pushed the rectal wall into the high-dose region, as seen in

Figs. 3(c) and 3(d). The more significant increase of rectal

dose for patient 5 was due to the considerable decrease in

prostate volume, which allowed the rectal wall to fall into

the high-dose region. Although reduced prostate volume is a

positive factor for maintaining target coverage (see Fig. 2),

the potential consequence of increasing risk of rectal toxicity

might be of greater concern.

III.B.4. Bladder

Only three of the five fully examined patients (i.e.,

patients 1, 2, and 3) had the bladder fully included in all the

daily images. Figure 5 plots the simulation and daily bladder

volume (in milliliter) as a function of bladder V1.92. The

results did not demonstrate any clear difference between the

full-field and the boost fractions, which is as expected,

because the same aperture expansion was used throughout

the treatment in the direction of the bladder neck. While the

three patients all had a full bladder at simulation, the vol-

umes were smaller on most treatment days. Consequently,

the mean daily bladder volume was only 34.9 6 11.7%,

61.6 6 33.6%, and 67.0 6 23.4% (mean 61 standard devia-

tion) of simulation for the three patients, respectively. In

general, reduced bladder volume results in increased V1.92,

and thus higher potential risk of bladder toxicity. Fractions

with a similar bladder volume may have different V1.92,

because they are also affected by the interfractional motion

of the prostate and rectum. The impact of motion is more

significant when the bladder volume is reduced. The frac-

tional V1.92 for patients 1 and 3, although higher than

planned, never approached the tolerance of 25%. For patient

2, although nine of the 39 fractions had a value exceeding

the threshold, the accumulated value was below 25%. The

results suggested that the overall bladder dose remained

within tolerance, even with the presence of interfractional

organ motion and inconsistent status of bladder filling.

III.C. Comparison of different delivery schemes

Among the 225 examined fractions, the use of two beams

daily (scheme B) provided a V2 advantage of 3% or more

over at least one of the lateral beams (scheme L or R) in 15

fractions. Such an advantage was observed in the lateral

direction when the proton range of one or both lateral beams

varied due to a large prostate shift in the AP or SI directions,

FIG. 5. Bladder V1:92 (in percentage) as a function of bladder volume (in milliliter) for patients 1, 2, and 3. The green square shows the bladder volume at sim-

ulation, whereas the blue crosses and red circles represent the bladder volume for the full-field and boost fractions, respectively.

FIG. 4. DV1:92F, DV1:79F, DV1:92B, and DV1:79B of anterior rectal wall

(in milliliter) for patients 1–5. The error bar shows the standard deviation.

The results are only shown for the two-beam delivery scheme (scheme B).
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or considerable femur rotation (up to �15�). In the latter

case, the range variations (either undershoot or overshoot) of

one beam could be typically compensated by the opposed

beam, given the generous proximal and distal range margin

of 8–10 mm. Consequently, loss of lateral coverage was

rarely seen when both beams were used. However, due to

the limited frequency of such occurrence (in only �6% of

the fractions), the use of scheme B only resulted in slight

improvement in V2 (<0.6%) and D97 (<0.7 cGy), except

for the boost fractions of patient 2.

III.D. Deformable dose accumulation

Deformable registration was performed for patients 1 to

5. The mapping of the target dose was generally accurate

(with variations �3%) when large rectal gas was not present

in the test and reference images. Patients 1, 3, and 5 had,

respectively, 33, 36, and 38 fractions with accurate registra-

tion. The doses accumulated from these fractions were nor-

malized to 78 Gy, to approximate the delivered dose for the

standard protocol. These three patients were used to evaluate

the robustness of the various delivery protocols and examine

the uncertainty in dose estimation as a function of imaging

frequency. Qualitative inspection indicated that inaccurate

registration was mainly associated with inflated rectum at

simulation or treatment. The number of accurately registered

fractions was significantly fewer for patient 2 and 4 due to

inflated rectum at simulation and in a large number of treat-

ment fractions, respectively. Therefore, dose accumulation

was only examined for patients 1, 3, and 5 using the accu-

rately registered fractions. The accumulated dose distribu-

tion is subject to errors in deformable registration. Further

visual inspection of CT images proved that rectal gas was

not excessive for these three patients in the fractions with

accurate registration. Note that the exclusion of patients and

fractions with large rectal gas resulted in underestimate of

the dosimetric impact of rectal motion. Nevertheless, as sug-

gested by RTOG 0126, prostate simulation and treatment

should be performed with empty rectum.14 Therefore, the

accumulated results were representative if the RTOG proto-

col had been strictly followed. Note that the exclusion of the

inaccurately registered fractions established a new group of

data, which agreed with the RTOG requirements. As a result,

the following analysis only applied to the new data group

and was irrelevant to the full data sets of 39 fractions.

The accumulated dose did not depend strongly on the

beam delivery scheme. Therefore, for the reason of simplic-

ity, the results will only be presented for scheme B. Figure 6

FIG. 6. DVH of PTV2, anterior rectal wall and bladder (in the first, second, and third row, respectively) for patients 1, 3, and 5 (in the first, second, and third

column, respectively). The planned DVH are shown in blue and accumulated in red.
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compares the dose-volume histogram (DVH) of the original

plan to that accumulated over the whole treatment course for

patients 1, 3, and 5. Since the dose mapping was only

expected to be accurate for the region in the vicinity of the

prostate where the tissues were relatively homogenous, the

accumulated results were most reliable in the high-dose vol-

ume. Therefore, Fig. 6 shows the accumulated DVH at 70

Gy and above. For the three patients, the delivered V78 of

PTV2 was 98.5%, 96.6%, and 98.2%, which was 0.1%,

1.5%, and 0.7% lower than the planned value, respectively.

The D97 of PTV2 was 78.6, 77.5, and 78.1 Gy, respectively.

The loss of PTV2 coverage was only of minor concern for

patient 3. For all patients, the accumulated V78 of GTV and

V50 of CTV and PTV1 remained at 100% (results not shown

in the figure), consistent with their planned values.

Compared to the planned value, the accumulated rectal

V75 (V70) varied by �0.3% (�0.3%), þ0.1% (�0.4%), and

þ2.9% (þ4.0%) for patients 1, 3, and 5, respectively. In

absolute terms, the variations of V75 (V70) were �0.1

(�0.1), 0 (�0.1), and þ1.0 (þ1.4) ml. The increased rectal

dose for patient 5, which remained within tolerance, was

mainly due to the reduced prostate volume as the treatment

proceeded.

The accumulated bladder dose was close to the planned

value for patient 5 and significantly increased for patients 1

and 3, mainly due to the reduced daily bladder volume. For

patient 1, the bladder V75 and V70 increased by 5.4% and

from 9.6% and 8.7%, respectively. For patient 3, the increase

was 5.1% and 5.7%, respectively. For all three patients, the

accumulated bladder V75 and V70 both remained within tol-

erance and no hotspot over 105% was observed.

Figure 7 compares the sagittal view of the planned and

accumulated dose distributions for patient 1, 3, and 5. No

significant reduction in PTV2 coverage was observed. The

rectal dose remained approximately unchanged for patients 1

and 3, and increased slightly for patient 5. The bladder dose

was found to be slightly higher for patient 5 and significantly

increased for patients 1 and 3.

Interestingly, the additional bladder volume irradiated was

mainly in the superior direction for patient 1 and the anterior

direction for patient 3, due to their different anatomies.

Although a larger bladder volume was irradiated to 75 and 70

Gy for these two patients, it might not be directly proportional

to the increased bladder tissue irradiated (due to the absence

of contrast agent, the rectal wall could not be delineated).

IV. DISCUSSION

This study examined the dosimetric impact of interfrac-

tional organ motion for proton therapy of prostate cancer,

using serial CT images. The planning was done using a clini-

cal TPS, guided by our institutional criteria. The same TPS

was used to calculate fractional doses using daily CT data.

The results indicated that, in general, interfraction anatomi-

cal variations have little or no impact on the coverage of

GTV, CTV, and PTV1 at their corresponding prescription

dose.

The fractional coverage of PTV2, quantified by DV2 and

DD97, was less than �3% and 1.7 cGy lower than planned,

respectively, except for a patient who had an extended rec-

tum at simulation, due to a large volume of gas. The average

fractional coverage represents a “worst-case” scenario in

which the high-dose region always includes the same selec-

tion of voxels. However, in reality, the location of hot spots

will change due to daily anatomical variations. In general,

the change of PTV2 coverage observed in the accumulated

results obtained via deformable registration was consistent

with that suggested by the fractional results. The accumu-

lated rectal dose, which remained below tolerance, exhibited

less increase compared to that predicted by the fractional

results. This may be a result of daily anatomical variations

that washed out high-dose volumes, or due to the limited

precision of dose accumulation. The bladder dose, although

higher than planned due to reduced daily filling, remained

well below tolerance.

De Crevoisier et al. reported that an increased cross-sec-

tional rectal area in planning CT scans was associated with

treatment failure in prostate patients.21 In our study, the pres-

ence of rectal gas was found to be the leading cause of target

coverage reduction. Compared to the planning CT, the gas

present during treatment fractions pushed the rectal wall fur-

ther into the radiation fields, resulting in increased rectal

dose. Interfractional organ motion can be mitigated via the

use of in-room image guidance, such as serial and cone-

beam CT, ultrasound, as well as electromagnetic localiza-

tion. The reproducibility of rectal status can also be

FIG. 7. Sagittal view of the planned and accumulated doses for patients 1 in (a) and (b), 3 in (c) and (d), as well as 5 in (e) and (f), respectively. These views

were obtained through the lateral level of pubic symphysis and shown with the same scale. The blue, purple, and brown structures are PTV2, anterior rectal

wall and bladder, respectively. The three isodose contours, from inside out, are drawn at 78, 75, and 70 Gy.
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improved by the use of immobilization devices, such as rec-

tal balloon.22,23

Another observation was the significant reduction in pros-

tate volume in patients 5 and 10, which might be a result of

radiation and/or hormonal therapy. Prostate volume changes

during radiation therapy have also been previously docu-

mented by other groups.24,25 In this study, it was observed

that a reduction in the prostate volume led to increased rectal

dose. Conversely, increased prostate volume may lead to a

reduction in target coverage. The volume variation cannot be

effectively anticipated in planning, or subsequently cor-

rected. Monitoring of prostate volume (using in-room

image-guided techniques) and, possibly, adaptive planning

may be recommended to reduce the impact of this effect.

A few important limitations exist for the present study. A

large slice thickness of 5 mm may have limited the precision

of volume calculation, and detection of interfractional

motion in the SI direction.

At our institute, proximal and distal margins of 3.5%

were added to account for proton range uncertainty, and an

additional 1 mm is added to account for beam delivery

uncertainty. However, these uncertainties are not modeled

by the present TPS. While the proton range calculated by the

TPS corresponds to the expected value of the SOBP, the

actual range exhibits stochastic distributions depending on

the materials on the beam track. However, this effect is not

expected to have significant consequences for prostate treat-

ment using opposed beams, since the critical structures are

located laterally (i.e., not distally or proximally) to the uni-

form high-dose section of the SOBP. Thus, shifts in the exact

position of the range result in only minimal changes in the

penumbra, and the dose to rectum and bladder.

The dosimetric impact of intrafractional organ motion

and interfractional setup variations were not considered in

this study. Consequently, the results did not fully represent

our clinical practice. Previous investigations have shown

that, for prostate PT, the intrafractional organ motion can be

appropriately accounted for by a PTV margin of 5 mm,8 and

the interfractional setup variations and tissue inhomogene-

ities can be adequately addressed by a range compensator

smearing of 10 mm.10,26 In this study, the fields were aligned

using the center of the prostate, which represented an ideal,

hypothetical CT-based setup allowing us to examine the

dosimetric impact of interfractional organ motion without

the interference of setup error. Although it is of significant

interest to examine the combined impact of interfractional

anatomical and setup variations, conducting such a study

with significant statistical power would require prohibitively

a large number of fractions for each patient (to eliminate any

interplay of the two effects). Our intention is to evaluate the

two interfractional variations separately and combine them

using a statistical model. In this investigation, we examined

the geometrical deviation resulted from the ideal CT-based

setup and the ultrasound setup, which is currently used in

our clinic. In order to mimic patient setup using ultrasound

guidance, the daily image was rigorously registered to the

simulation image based on the boundary between prostate

and bladder neck. For a few sample fractions, it was found

that the daily prostate center shifted within 3 mm from the

simulation prostate center in the AP and LR directions. In

the SI direction, a shift of one slice (5 mm) was only

observed in one case. These deviations were smaller than the

10-mm smearing of the range compensators.

Deformable registration using the present version of PLAS-

TIMATCH was found to be inaccurate when large rectal gas

was present. Qualitative inspection of all 117 fractions for

patients 1, 3, and 5 revealed that the errors in deformable

registration appeared as a significant distortion where large

deformation (e.g., presence of excessive rectal gas in daily

image) existed. Such an error is systematic and is due to the

inability of the current algorithm to handle these extreme

conditions. As suggested by the results from the large num-

ber of accurately registered fractions for each patient, the

error is insensitive to random organ motion provided that the

filling status of the rectum and bladder does not change sig-

nificantly. In order to better address this issue, Gao et al. pro-

posed to use an adaptive smoothing algorithm.27 Another

possibility to overcome this limitation is to use existing con-

tours as registration guidance.

V. CONCLUSIONS

The results obtained from the five fully evaluated patients

suggest that the prostate proton planning techniques

employed by our institution are generally robust to interfrac-

tional anatomical variations. For the three patients with a

large number of fractions with accurate deformable registra-

tion, at least 96.6% of the PTV2 was covered by the pre-

scription dose, and 97% of the PTV2 received at least 77.5

Gy, if the patients’ rectum had been consistently empty

throughout the treatment. Dose coverage in individual frac-

tions can be compromised, and tissue dose increased due to

deviations in the bladder and rectal volume, compared to

conditions at time of simulation. Further improvement in tar-

get coverage and normal tissue dose could be achieved by

maintaining consistent patient anatomy throughout the full

treatment course, by using in-room image guidance and

patient immobilization devices.
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