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Background

The field of image-guided radiation therapy 

(IGRT) rose from the need to account for 

daily anatomical variations in the delivery 

of fractionated radiation therapy. This is 

particularly relevant to the treatment of 

prostate cancer as it has been repeatedly 
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demonstrated that the position of the pros-

tate gland varies as a result of bladder and 

rectal filling.1,2 A number of correctional 

strategies including implanted fiducials3-5 

and on-line three-dimensional (3D) com-

puted tomography (CT) imaging6-9 have 

been developed and clinically implement-

ed. Although both methods provide daily 

image guidance, the latter is advantageous 

in that it allows for the evaluation of daily 

delivered doses.10

The principle modality for prostate IGRT 

at our clinic is the Hi*Art II helical tomo-

therapy unit (TomoTherapy, Inc. Madison, 

WI). Prior to each fraction, clinicians acquire 

a 3D megavoltage CT (MVCT) of the patient 

in treatment position which is subsequently 

registered to the patient’s planning CT and 

based on the registration; the patient is re-

positioned and treated. To ensure the target 

is situated in the same geometric location 

on a daily basis, registration should result 

in the overlap of the prostate volumes in the 

MVCT and planning CT images. This varies 

from traditional prostate treatment proto-

cols where the lack of soft tissue contrast 

in portal images made prostate matching 

impossible and patient re-positioning was 

based on the matching of bony anatomy.11-16 

This change in patient positioning method-

ology has potential detrimen-

tal consequences to the dosim-

etry of critical structures. For 

example, consider the scenario 

where the prostate has moved 

slightly in the direction of a 

critical structure. Bone match-

ing, in combination with suffi-

cient margins, will ensure the 

entire target receives the pre-

scription dose, however, pros-

tate matching would certainly 

lead to an increased dose to 

the critical structure (Figure 1).

Unfortunately, the dosi-

metric implications of using 

prostate matching instead of bone match-

ing for daily image guidance have not been 

sufficiently investigated. The objective of 

this work is to quantify and compare the 

doses that would be delivered to the pros-

tate, bladder, and rectum if image guidance 

on the Hi*Art II system was based on pros-

tate matching or on bone matching. The 

dependence of dosimetric variations on the 

direction of daily prostate motion will also 

be investigated.

Methods

Treatment data from four research patients 

treated for high risk prostate cancer on the 

Hi*Art II unit were available for this local 

research ethics board approved retrospec-

tive study. The primary planning target 

volume (PTV), treated to 68.0 Gy over 25 

fractions (2.72 Gy/fraction), was defined 

by margins of 7-mm posteriorly and 10-mm 

in all other directions around the prostate 

gland and seminal vesicles. Constraints 

for the rectum and bladder during inverse 

planning were that no more than 30% of 

the rectum volume receive 45.0 Gy (1.80 

Gy/fraction) and no more than 45% of 

the bladder volume receive 50.0 Gy (2.00 

Plan Bone Matching Prostate Matching

Bone Critical Target High Dose Region

Figure 1. Simplified schematic demonstrating the potential increased 

dose to a critical structure as a result of prostate (i.e. target) matching. A 

gap is present between the target and critical structure in the planning 

CT, but the target has moved towards the critical structure when the 

patient is treated. With appropriate margins, bone matching results in 

complete coverage of the target without having any of the critical structure 

situated in the high dose region. On the other hand, part of the critical 

structure receives the target dose if prostate matching is used for patient 

positioning. 
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Gy/per fraction). Patients were instructed 

to have a full bladder and empty rectum 

during simulation and each daily treat-

ment fraction. Prior to each fraction, a 

pelvic MVCT was acquired and used for 

patient re-positioning. For our purposes, 

one MVCT was removed from the data set 

because the entire prostate was not imaged, 

leaving ninety-nine fractions available for 

this study.

As a result of daily prostate motion with 

respect to rigid pelvic bony anatomy, pros-

tate matching and bone matching of daily 

MVCT and planning images produces two 

different image alignments.17 In this work, 

prostate matching and bone matching was 

performed using in-house developed auto-

matic rigid registration software. For pros-

tate matching, daily MVCT images were 

registered to planning CT images by opti-

mizing the correlation coefficient metric. To 

ensure the overlap of the MVCT and plan-

ning CT prostate volumes, only the plan-

ning CT voxels corresponding to prostate 

plus a small 6.0-mm border were used in 

cost function calculation.18-20 Voxels in the 

border region corresponding to bone and 

intestinal gas were filtered via threshold-

ing to eliminate their influence on registra-

tion. In addition, a noise reducing median 

filter21 was applied to MVCT images prior 

to registration. For bone matching, we used 

the mutual information algorithm proposed 

by Mattes et al.22, however, only the auto-

matically segmented planning CT voxels 

corresponding to bony anatomy were used 

to evaluate the cost function. Both the pros-

tate and bone matching procedures rely on 

the Nelder-Mead simplex algorithm for cost 

function optimization.23

Following completion of bone matching 

and prostate matching procedures, dose 

distributions that would have been deliv-

ered using both image guidance strategies 

were evaluated with the High*Art II sys-

tem’s inherent Planned Adaptive software. 

The software evaluates delivered dose dis-

tributions by applying the treatment deliv-

ery sinogram to daily MVCT images, and 

has been demonstrated to have dosimet-

ric accuracy comparable to that of plan-

ning CT dose calculations.10 A number of 

studies have been published in which the 

tool was used to compare planned and de-

livered doses24,25, however, to the best of 

our knowledge, the software has not been 

used to calculate theoretical dose distribu-

tions that would have been delivered had 

patient positioning been performed differ-

ently. 

Retrospectively, prostate, rectum, and 

bladder volumes were contoured by a radia-

tion oncologist on all pre-treatment MVCT 

images using the Planned Adaptive soft-

ware and dose volume histograms (DVH) 

were evaluated for each dose distribution. 

Structures on each MVCT image were de-

lineated only once and external software 

was used to account for the translational 

shifts in the contour co-ordinates between 

the two matching methods. Dosimetric 

endpoints for DVH analysis were adopted 

from the tumour and sensitive structure 

constraints implemented during inverse 

planning. As such, values for D95, D45, 

and D30 were extracted from each prostate, 

bladder, and rectum DVH, respectively. In 

addition to absolute evaluation, the differ-

ences between endpoints for each method 

were also evaluated.26 As such, for compari-

son of prostate matching and bone match-

ing image guidance strategies, ΔD95, de-

fined as prostate D95 for prostate matching 

minus prostate D95 for bone matching, was 

determined for each fraction. Defined an-

alogously, bladder ΔD45 and rectum ΔD30 

values were also evaluated. In addition, five 

MVCT images were selected at random and 

re-contoured upon which dosimetric analy-

sis was repeated to determine the effect of 

uncertainties in structure delineation on 

the evaluated endpoints. 
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The relationship between bladder27,28 and 

rectal27-29 filling and prostate motion in the 

superior/inferior (SI) and anterior/posterior 

(AP) directions has been repeatedly docu-

mented in the literature. Bladder D45 and 

rectum D30 values are clearly dependent on 

organ volumes, and as such, endpoints were 

also evaluated with respect to the measured 

daily prostate motion. Daily prostate motion 

(i.e. for each fraction) was calculated from 

the differences between the bone matching 

and prostate matching alignments. 

Results

Daily prostate motion

The mean (± standard deviation) of the 

prostate motion for the ninety-nine fraction 

cohort was 2.4 ± 1.9 mm superiorly, 0.7 

± 2.5 mm anteriorly, and 0.3 ± 0.5 mm to the 

left. Although motion was skewed superior-

ly, standard deviations are comparable with 

values previously reported in the literature,1 

albeit on the lower end. Statistics for each 

individual patient are reported in Table 1. 

Dose volume histogram analysis

The mean (± standard deviation) prostate 

D95, bladder D45 and rectum D30 val-

ues for each matching method are given 

in Table 2. Although mean prostate D95 

values are identical for prostate match-

ing and bone matching, evaluated critical 

structure endpoints are dependent on the 

matching method. Worth mentioning is 

the fact that all reported values exceed 

the aforementioned inverse planning con-

straints. In light of these observations, the 

percentage of fractionated bladder D45 and 

rectum D30 values that exceeded the con-

straints by differing dosimetric amounts 

were evaluated and appear in Table 3. 

Observed bladder and rectum endpoints 

correlate with the observed trends of ante-

rior and superior prostate motion reported 

in the previous section. Presumably, if the 

prostate has moved superiorly towards the 

bladder, prostate matching would increase 

the volume of bladder that receives the pre-

scription dose. Similarly, anterior prostate 

motion away from the rectum would result 

Figure 2. DVH comparison of prostate matching (PM) 

and bone matching (BM) for patient 1 odd numbered 

fractions (i.e. fraction 1, 3, …, 23, 25). (a) Prostate, (b) 

bladder, (c) rectum.

A B
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in the prescription dose being delivered to 

less rectal volume. The thirteen odd num-

bered fraction dose volume histograms for 

patient 1 are plotted in Figure 2 to dem-

onstrate the daily variations in prostate, 

bladder and rectum dosimetry for each 

matching method.

Image guidance comparison

Histograms of the theoretical prostate 

ΔD95, bladder ΔD45, and rectum ΔD30 

values for all ninety-nine fractions are dis-

played in Figure 3. The mean (± standard 

deviation) prostate ΔD95 for the cohort 

was 0.00 ± 0.01 Gy, with values ranging 

from -0.02 to 0.02 Gy. Observed bladder 

ΔD45 values ranged from -0.22 to 

0.52 Gy, having a mean value of 

0.07 ± 0.12 Gy. Finally, the mean 

rectum ΔD30 value was -0.06 ± 0.14 

Gy, with values ranging from -0.40 

to 0.34 Gy. Statistics for each indi-

vidual patient are reported in Table 

4. Measured bladder ΔD45 and 

rectum ΔD30 values are plotted as 

a function of prostate motion in the 

AP and SI directions in Figure 4. 

A dependence on the direction of 

prostate motion is clearly evident.

Contour dependence

The absolute difference between 

endpoints evaluated using original 

and repeat contours were calcu-

lated for each of the five re-con-

toured MVCT images. The mean 

(± standard deviation) absolute difference 

of the ten (five for each matching method) 

bladder D45 values was 0.03 ± 0.02 Gy. 

This represents 1.2 ± 0.7% of the prescrip-

tion dose. Corresponding values for rec-

tum D30 absolute differences were slightly 

higher at 0.07 ± 0.07 Gy or, 2.5 ± 2.6% of 

the prescription dose. The mean (± stand-

ard deviation) of the five bladder ΔD45 

absolute differences was 0.01 ± 0.02 Gy or 

0.3 ± 0.6% of the prescription dose. Rectum 

ΔD30 values were 0.04 ± 0.04 Gy or 1.4 ± 

1.2%. Mean and standard deviations of 

the absolute differences in both prostate 

D95 and prostate ΔD95 values were less 

than 0.1% of the prescription dose. Based 

on these observations, the reported mag-

nitudes of pros-

tate ΔD95, bladder 

ΔD45 and rectum 

ΔD30 values ex-

ceed their uncer-

tainties relating to 

errors in contour 

delineation.

Table 1. Prostate motion statistics for each individual patient. 

Negative values correspond to motion superiorly, anteriorly and 

to the left

Patient Direction Mean ± SD (mm) Range (mm)
1 LR 0.0 ± 0.4 -0.8 to 0.8

AP -2.3 ± 3.2 -8.3 to 8.4

SI -4.1 ± 1.6 -8.0 to -1.6

2 LR -0.1 ± 0.4 -1.0 to 0.7

AP 0.0 ± 1.5 -3.3 to 3.0

SI -2.1 ± 1.2 -6.7 to -0.2

3 LR -0.8 ± 0.4 -1.7 to -0.3

AP -1.7 ± 1.9 -5.3 to 1.9

SI -1.1 ± 2.0 -4.7 to 2.8

4 LR -0.3 ± 0.6 -2.1 to 0.4

AP 0.9 ± 1.8 -2.3 to 6.5

SI -2.2 ± 1.6 -5.0 to 2.4

Combined LR -0.3 ± 0.5 -2.1 to 0.8

AP -0.7 ± 2.5 -8.3 to 8.4

SI -2.4 ± 1.9 -8.0 to 2.8

Table 2. Per fraction mean ± standard deviation prostate D95, bladder D45 and 

rectum D30 values for all ninety-nine fractions for each matching method. Inverse 

planning constraints are given in brackets

Bone Matching (Gy) Prostate Matching (Gy)
Prostate D95 (≥ 2.72 Gy) 2.81 ± 0.02 2.81 ± 0.02

Bladder D45 (≤ 2.00 Gy) 2.06 ± 0.17 2.13 ± 0.21

Rectum D30 (≤ 1.80 Gy) 2.29 ± 0.22 2.23 ± 0.17
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Discussion

The image guidance protocol mandated at 

our clinic during treatment of the high risk 

prostate patients on helical tomotherapy, 

including those analyzed in this study, is 

as follows. After initial automatic registra-

tion of daily MVCT and planning CT im-

ages, the alignment is manually adjusted 

by a radiation therapist with the goal of 

overlapping the prostate gland in the two 

images using the prostate/rectum interface 

at the mid-plane of the prostate as a refer-

ence. Recently, Langen et al.30 investigated 

the accuracy of a manual method similar 

to ours and found that over 224 manual 

registrations performed by two radiation 

therapists, prostate misalignment exceeded 

3-mm 24%, 33%, and 3% of the time in the 

AP, SI, and LR directions, respectively. 

Misalignment never exceeded 5-mm in any 

single direction. Although our work com-

pares image matching strategies specifical-

ly, the observed alignment differences be-

tween prostate and bone matching are rep-

resentative of the range of possible prostate 

misalignments during treatment. As such, 

the prostate ΔD95 values observed in this 

study suggest that for the margins used 

clinically and the errors associated with 

the manual patient positioning method 

employed at our centre, 

delivered prostate D95 

values are unaffected 

by observed prostate 

positioning errors. This 

suggests that daily im-

age guidance based on 

prostate matching of 

treatment and planning 

CT images allows for 

a reduction of the 10 

mm margins used for 

A B

C

Figure 3. Frequency histograms of the theoretical 

fractionated (a) prostate ΔD95, (b) bladder ΔD45, and 

(c) rectum ΔD30 values for all ninety-nine fractions.

Table 3. Percent of fractions in which the bladder and rectum inverse planning 

constraints were dosimetrically exceeded, exceeded by 10% and exceeded by 25% 

for each matching method

Bone 
matching (%)

Prostate 
matching (%)

Bladder D45 exceeded (≥ 2.00 Gy) 59 67

Bladder D45 exceeded by 10% (≥ 2.20 Gy) 12 32

Bladder D45 exceeded by 25% (≥ 2.50 Gy) 4 7

Rectum D30 exceeded (≥ 1.80 Gy) 100 100

Rectum D30 exceeded by 10% (>1.98 Gy) 97 96

Rectum D30 exceeded by 25% (>2.25 Gy) 51 42
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the patients included in this study. Recent 

work by Meijer et al.31 demonstrated that 

a prostate margin of 6 mm is clinically 

acceptable when daily image guidance is 

based on the alignment of implanted fidu-

cials. Without fiducials, as is the case for 

the helical tomotherapy patients at our cen-

tre, daily prostate positioning errors will 

increase 30 meaning a 6 mm margin is in-

sufficient. Further investigation is required 

to determining where in the 6 to 10 mm 

range that the ac-

ceptable margin for 

prostate matching 

without fiducials is 

situated.

In relation to the 

two critical struc-

tures, the observed 

ranges of bladder 

ΔD45 and rectum 

ΔD30 values in 

combination with 

the fact that re-

ported mean blad-

der D45 and rectum 

D30 values exceed 

inverse planning 

constraints, sug-

gests that the se-

lection of match-

ing procedure has 

clinically signifi-

cant repercussions on the dosimetry of the 

critical structures. However, over the entire 

ninety-nine fraction cohort analyzed in this 

study, positive and negative bladder ΔD45 

and rectum ΔD30 values offset each other, 

giving rise to mean values of 2.6% and -2.2% 

of the prescription dose, respectively. How 

this fractionated trend translates when 

comparing matching methods based on 

the cumulative critical structure dosimetry 

over entire treatments remains unanswered. 

Figure 4. Scatter plot of per fraction (a) bladder ΔD45 and (b) rectum ΔD30 values for all ninety-nine fractions as 

a function of prostate motion in the superior/inferior and anterior/posterior directions. 

Table 4. Individual patient statistics for prostate ΔD95, bladder ΔD45 and rectum 

ΔD30. Δ denotes prostate matching minus bone matching. The combined patient 

values are also normalized to the inverse planning constraints (i.e. prostate: 2.72 Gy, 

bladder: 2.00 Gy and rectum: 1.80 Gy)

Patient Standard 
Deviation (Gy)

Range (Gy)

1 Prostate ΔD95 < 0.01 -0.01 to 0.00

Bladder ΔD45 0.16 -0.22 to 0.52

Rectum ΔD30 0.15 -0.40 to 0.32

2 Prostate ΔD95 < 0.01 -0.02 to 0.01

Bladder ΔD45 0.05 -0.09 to 0.17

Rectum ΔD30 0.09 -0.26 to 0.22

3 Prostate ΔD95 < 0.01 0.00 to 0.01

Bladder ΔD45 0.08 -0.08 to 0.20

Rectum ΔD30 0.10 -0.34 to 0.06

4 Prostate ΔD95 < 0.01 0.00 to 0.02

Bladder ΔD45 0.04 -0.08 to 0.08

Rectum ΔD30 0.09 -0.10 to 0.34

Combined Prostate ΔD95 < 0.01 (0.2%) -0.02 to 0.02 (-0.6 to 0.6%)

Bladder ΔD45 0.12 (6.1%) -0.22 to 0.52 (-11.2 to 26.0%)

Rectum ΔD30 0.14 (7.5%) -0.40 to 0.34 (-22.0 to 19.1%)
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Investigating this requires accurate deform-

able registration to track daily anatomical 

variations32,33 and will be the focus of future 

work. However, whether or not fractionated 

dosimetrical differences between matching 

methods cancel out over prolonged treat-

ment regiments, the fractionated analysis 

reported in this paper is beneficial for a 

number of reasons. First, the easiest way to 

ensure treatment protocols are satisfied over 

protracted treatment regiments is to ensure 

those same protocols are satisfied each frac-

tion. Furthermore, the radiobiological effects 

of varying daily doses differ from those as-

sociated with static daily dosimetry, regard-

less of whether the cumulative dosimetry 

is equivalent. Finally, results demonstrate 

that systematic trends in daily prostate mo-

tion for individual patients can lead to large 

discrepancies in the dosimetry of prostate 

and bone matching. Patient 1 for example, 

had consistently and often significantly less 

bladder volume in daily treatment images as 

compared to planning CT acquisition, which 

contributed to a mean superior 4.1 mm pros-

tate shift over all twenty-five fractions.28 

This systematic prostate motion resulted 

in a mean bladder ΔD45 of 0.20 Gy, which 

represents 10.0% of the inverse planning 

D45 constraint, suggesting that the selection 

of daily matching strategies can potentially 

have a clinically significant effect on cumula-

tive critical structure dosimetry as well. 

Conclusions

We have used the Planned Adaptive soft-

ware on the Hi*Art II system to compare 

the doses that would have been delivered to 

high risk prostate patients if daily patient 

re-positioning was based on bone matching 

versus prostate matching. DVH analysis 

demonstrates that the difference in pros-

tate dose for each matching technique is 

insignificant, allowing for potential margin 

reduction. However, observed ranges in the 

differences between critical structure dos-

imetry for bone and prostate matching sug-

gest that the selection of matching method 

employed during patient re-positioning has 

clinical repercussions. In fact, the doses 

delivered to the bladder and the rectum 

were found to be highly dependent not 

only on the image guidance strategy, but 

also the direction of daily prostate motion. 

In particular, for prostate motion anteriorly 

and superiorly, bone matching decreases 

bladder dose whereas prostate matching 

decreased the rectal dose. Potentially, the 

matching method can be selected each day 

based on the observed prostate motion in 

order to minimize dose and subsequent 

complications to the bladder and rectum.
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