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Abstract

Background and purpose—Many dose-limiting normal tissues in radiotherapy (RT) display 

considerable internal motion between fractions over a course of treatment, potentially reducing the 

appropriateness of using planned dose distributions to predict morbidity. Accounting explicitly for 

rectal motion could improve the predictive power of modelling rectal morbidity. To test this, we 

simulated the effect of motion in two cohorts.

Materials and methods—The included patients (232 and 159 cases) received RT for prostate 

cancer to 70 and 74 Gy. Motion-inclusive dose distributions were introduced as simulations of 

random or systematic motion to the planned dose distributions. Six rectal morbidity endpoints 

were analysed. A probit model using the QUANTEC recommended parameters was also applied 

to the cohorts.

Results—The differences in associations using the planned over the motion- inclusive dose 

distributions were modest. Statistically significant associations were obtained with four of the 

endpoints, mainly at high doses (55–70 Gy), using both the planned and the motion-inclusive dose 

distributions, primarily when simulating random motion. The strongest associations were observed 

for GI toxicity and rectal bleeding (Rs=0.12–0.21; Rs=0.11–0.20). Applying the probit model, 

significant associations were found for tenesmus and rectal bleeding (Rs=0.13, p=0.02).

Conclusion—Equally strong associations with rectal morbidity were observed at high doses 

(>55 Gy), for the planned and the simulated dose distributions including in particular random 

Corresponding author: Maria Thor, Department of Medical Physics, Memorial Sloan-Kettering Cancer Centre, 1275 York Avenue, 
New York, NY 10021, Tel: (+001) 212 639-2168, thorm@mskcc.org. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Radiother Oncol. Author manuscript; available in PMC 2016 February 24.

Published in final edited form as:
Radiother Oncol. 2013 December ; 109(3): 388–393. doi:10.1016/j.radonc.2013.10.021.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



rectal motion. Future studies should explore patient-specific descriptions of rectal motion to 

achieve improved predictive power.
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Introduction

The process of establishing dose/volume parameters being predictive for normal tissue 

morbidity following radiotherapy (RT) is likely to be influenced by the geometric 

uncertainties of the concerned organ, with potential implications for the estimated dose/

volume parameters [1–4]. One of the key organs at risk (ORs) in RT of prostate cancer, the 

rectum, displays considerable motion during the course of treatment [2–5]. Studies of the 

dose/volume response of rectal morbidity have usually associated ‘static’ dose distributions, 

obtained from the treatment planning computer tomography (CT) scan, with rectal bleeding 

or gastro-intestinal (GI) toxicity [2]. For RTOG GI toxicity [6] we have previously 

investigated the associations instead using motion-inclusive dose distributions [3, 4, 7, 8]. In 

one of these studies motion-inclusive dose distributions were obtained by introducing 

simulations of (rigid, translational) motion of the planning CT organ geometry, moving 

within the planned dose distribution [8]. Different associations compared to the associations 

observed using the static dose distribution were found [8]. However accurate interpretation 

of these results would likely require investigation in independent patient series [1, 2, 9].

In this study we further investigate whether accounting for rectal motion improves the 

predictive power of modelling rectal morbidity. More specifically we explore the 

associations between motion-inclusive rectal dose distributions, obtained from a refined 

version of our previously proposed motion analysis, and several late rectal morbidity 

endpoints in two cohorts of patients treated with RT for prostate cancer.

Material and Methods

Motion model

Organ motion was simulated as rigid translations of random or systematic errors/“shifts”, 

assumed being normally distributed. Parameters chosen for the motion analyses in this study 

were based on the findings from our previous investigation, as applied to the rectum [8]. In 

the present study motion was repeatedly simulated as multiple pseudo trials (n=10) over the 

treatment fractions (35 and 37 fractions corresponding to the fractionation scheme in each 

cohort; see Patient cohorts below) for each patient in the anterior-posterior direction. Small, 

intermediate and large motion magnitudes were explored by altering the standard deviation 

(SD, σ = 0.2, 0.5 and 0.8 cm) of the related normal distribution. The simulations were 

performed with the Computational Environment for Radiotherapy Research software [10] 

using a 2.4 GHz Intel Core 2 Duo processor Macintosh HD.
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Patient cohorts

The motion model was applied to the rectum (the original delineations extending from the 

recto-sigmoid flexure to the anal verge, including contents) in two series of patients 

previously treated with photon RT for prostate cancer. One of these cohorts included 232 

patients treated at Haukeland University Hospital (HUH) in Bergen, Norway from 2000 to 

2001 [7, 8, 11]. These patients received RT to either the prostate only, to the prostate and 

seminal vesicles or to also the pelvic lymph nodes (initial 50 Gy), to a total dose of 70 Gy 

delivered in 35 fractions of 2 Gy. In addition we applied the motion model to another cohort 

including 159 patients that received RT to 74 Gy to the prostate only or to also the pelvic 

lymph nodes (44 or 46 Gy) over 37 fractions of 2 Gy from 2002 to 2006 at the Fraser Valley 

Centre, British Columbia Cancer Agency (BCCA), Canada [12] (Table S1, Supplementary 

material). In the following, the cohorts are referred to as the HUH and the BCCA cohort. 

The rectal morbidity endpoints registered in the HUH cohort included RTOG GI toxicity 

[6], stool frequency, mucosal loss, tenesmus, sphincter control and rectal bleeding [13] 

while only rectal bleeding data were available in the BCCA cohort [14] (Table 1; Table S2, 

Supplementary material). For the RTOG GI toxicity endpoint only the locally treated subset 

of the HUH patients (192 patients) were analysed since a distinction between toxicity 

attributed to the small bowel and the rectum is limited using this morbidity definition [6]. 

The morbidity scoring was performed based on physician assessments (Table S2, 

Supplementary material) and the median follow-up time was 60 months for the HUH 

patients (follow-up: every 6 months the first year and then annually) and 32 months for the 

BCCA patients (follow-up: every 6 months the three first years and then annually).

Model application and statistics

For both the cohorts, the simulated motion-inclusive dose-volume histograms (simDVHs) 

and the planned DVH (pDVH), i.e. with no motion, were analysed. The morbidity cut-off 

was chosen as Grade 2 or higher (the maximum assessed grade for each of the morbidity 

endpoints); cf. Table 1 and Table S2, Supplementary material. Spearman’s rank correlation 

(Rs) was used to investigate differences between rectal dose-volume parameters, i.e. the 

percentage rectum volume receiving more than x Gy (Vx (%)), sampled in 5 Gy intervals 

from 5 Gy up to the prescribed dose. The reported Spearman’s rank correlation coefficients 

(Rs) were calculated as one median Rs for each patient obtained from bootstrap resampling 

(1000 samples). Bootstrap was also applied to assess the 95% Confidence Interval (CI) of 

the Rs and to correct the p-values for multiple testing in the simultaneously investigated 

dose/volume parameters. Following our previous study the Rs was corrected for ties and the 

p-values resulting from the pseudo trials were corrected for the increased certainty resulting 

from the increased patient population [8]. All tests were considered statistically significant 

on a two-sided 5% significance level (p≤0.05). The statistical analyses were performed in 

the Dose Response Explorer System [15].

A probit normal tissue complication probability (NTCP), the Lyman Kutcher Burman 

(LKB), model was applied to the pDVHs and the simDVHs, obtained from the motion 

pattern resulting in the largest number of Vx values being significantly associated with the 

investigated endpoint.
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The NTCP values given in the rectal Quantitative Analyses of Normal Tissue Effects in the 

Clinic (QUANTEC) paper were used for this purpose (the 50% chance of complications for 

uniform irradiation, TD50=76.9 Gy; the parameter describing the steepness of the dose-

response, m=0.13; the volume dependence parameter, n=0.09) [2]. In a further analysis the 

influence of altered gEUD n values (n=0.01–1.00) on the associations with these endpoints 

was investigated.

Results

Across all investigated endpoints and motion patterns the strongest associations between the 

simDVHs and rectal morbidity was obtained with RTOG GI toxicity (V70 (Rs=0.21, 

σrandom=0.5cm)) and rectal bleeding (V35, V40 (Rs=0.20, σsystematic=0.5cm) and V65 

(Rs=0.20, σrandom=0.2cm; Table 2)). Simulations of random motion resulted in a slightly 

broader range of dose levels being significantly associated with morbidity as compared to 

the use of the pDVH only: four vs. three dose levels for RTOG GI toxicity and three vs. two 

dose levels for tenesmus and sphincter control). The associations with morbidity were 

generally stronger applying random shifts relative to systematic shifts (Figure 1; Table 2; 

Table S3, Supplementary material).

Considering the different dose levels, significant associations were found between the 

simDVHs and RTOG GI toxicity for random shifts at 55–70 Gy (Rs=0.13–0.21, Table 2). 

Significant associations (p≤0.05) were also seen at V65 and V70 (σ=0.2 cm, 0.5 cm) 

applying systematic shifts (Table S3, Supplementary material). For tenesmus significant 

associations (p≤0.05) with the simDVHs were obtained at V60, V65 and V70 (Rs=0.12–

0.14) for small and intermediate random shifts and at V70 for small systematic shifts. For 

sphincter control associations were seen at low doses (V15–V25, Rs=0.11–0.14) for all 

simulated motion patterns and at one high dose level (V70, Rs=0.12) using intermediate or 

large random shifts. The largest number of dose levels being significantly associated both 

with the pDVH and the simDVHs were seen for rectal bleeding within the HUH cohort 

(V30–V70). No associations were obtained for rectal bleeding in the BCCA cohort (Figure 

2, Table 2).

Introducing the probit NTCP model to the data the strongest associations were observed for 

tenesmus and rectal bleeding within the HUH cohort (Rs=0.13, p=0.02) and were equally 

strong using either the simDVHs or the pDVH (Table 2). Investigating the influence of 

altered gEUD n values significant associations were found for n values ranging from 0.01 to 

0.16 for tenesmus and from 0.05 to 1.00 for rectal bleeding. The associations with rectal 

bleeding were similar using the pDVH and the simDVHs in the near vicinity of the 

QUANTEC recommended n value (n=0.09) whereas for tenesmus the association curves for 

the pDVH and the simDVHs converged at n=0.05 (Figure S1, Supplementary material).

Discussion

In this study we have applied a previously developed motion model in the setting of 

morbidity prediction following RT. The rectum was used as an example and the associations 

between the resulting simulated motion-inclusive dose distributions, simDVHs, and various 
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rectal morbidity endpoints were explored in two patient cohorts. Associations were mainly 

observed in the high dose region (55–70 Gy) using the planned, pDVH, or the simDVHs 

resulting from simulations of random (in particular small and intermediate magnitude) 

motion. Among all investigated endpoints the strongest associations were obtained for 

RTOG GI toxicity and rectal bleeding. The most pronounced, although modest, differences 

in associations relative to the pDVH were also seen for RTOG GI toxicity. Overall, 

inclusion of simulated systematic fraction-to-fraction variations, in particular the large 

motion magnitudes, had no improved influence on the associations with any of the 

investigated morbidity endpoints.

Associations between pDVHs and late RTOG GI toxicity or rectal bleeding have mainly 

been observed in the high dose region (≥60 Gy) [2]. For both the pDVH and the simDVHs 

we observed associations between high doses and GI toxicity in our study, although using 

the simDVHs resulted in a somewhat broader range of dose levels being significantly 

associated with this endpoint. For rectal bleeding we established significant associations at 

both intermediate and high dose levels, however the strongest associations with the 

simDVHs that resulted from simulations of random motion were found at the higher dose 

levels, within the HUH cohort. A related association could not be established using either 

the simDVHs or the pDVH for the BCCA cohort. The morbidity rates for this endpoint were 

sparse in both cohorts yet in the high dose region fairly high Rs-values were obtained also 

for the BCCA cohort (strongest for V70: Rs=0.12, 0.13, p=0.06 for σrandom=0.2 cm and 0.5 

cm). Applying the probit NTCP model, with the QUANTEC recommended parameters, to 

tenesmus or rectal bleeding (HUH cohort), equally strong associations were observed using 

the simDVHs and the pDVHs (Rs=0.13, p=0.02). Altering the volume dependence 

parameter the associations with rectal bleeding were slightly stronger using the simDVHs. 

Introducing the probit model with the QUANTEC recommended parameters to rectal 

bleeding for the BCCA cohort the strongest relationship, yet not on a 5% significance level, 

were seen with the simDVHs as compared to the pDVH (Rs=0.11, p=0.08 using σrandom=0.5 

cm relative to Rs=0.10, p=0.11 using the pDVH). For the BCCA cohort Liu et al [12] 

applied a probit NTCP model to the pDVH with the QUANTEC recommended parameters 

and found an equivalent association (Rs=0.10, p=0.11).

In our previous study on this topic using an initial implementation of our motion model we 

compared the DVHs resulting from the simulated motion patterns to actually re-calculated 

DVHs using a repeat CT material. It was found that the difference in relative volumes 

averaged over the whole DVH between the simDVHs and the re-calculated DVHs ranged 

from 1 to 10%. The most pronounced differences were found for the simulations of the 

largest motion magnitudes and were additionally explained by extensive re-allocations 

between the pCT and the repeat CT scans [8]. Subsequently we investigated the simDVHs 

relative to late RTOG GI toxicity in the complete HUH cohort (including patients who 

received also pelvic lymph node irradiation). For the same motion patterns as applied in this 

study the strongest associations (Rs=0.03–0.10) were obtained for doses >55 Gy although no 

significant associations was found in the complete cohort [8]. We obtained associations also 

for doses >55 Gy for this endpoint in the current study but were here able to disclose a 

stronger and significant relationship (Rs=0.13–0.21; p<0.05). Using the RTOG GI toxicity 

definition a distinction between small bowel and rectal toxicity is difficult [6] and its 
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intrinsic non-specificity might result in loss of information [16, 17], which might have had 

an impact on the results obtained in our previous study.

For the more specific morbidity endpoints associations were obtained for high doses (60–70 

Gy) as well. Using the simDVHs rather than the pDVH a broader range of dose levels were 

significantly associated with two of the endpoints (tenesmus, sphincter control). For 

tenesmus significant associations with the probit NTCP model were observed for volume 

dependence parameters, n, up to the QUANTEC recommended n value. To date, there have 

been only few studies associating rectal dose distributions with these endpoints [2, 17, 18], 

and none where motion-inclusive dose distributions have been used. Due to recent 

developments enabling both image-guided and intensity-modulated RT being used routinely 

the morbidity rates of historically higher prioritised endpoints may decrease [2, 19–21] 

opening up for studying the whole spectrum of rectal morbidity endpoints that are affecting 

quality of life.

For sphincter control significant associations were established at two intermediate dose 

levels (V15 and V25) for the pDVH whereas for the simDVHs we also established 

significant associations at one high dose level (V70, σrandom=0.2 cm and 0.8 cm). Using the 

same morbidity definition for patients treated with comparable RT techniques, Gulliford et 

al [22] found a relation with the rectal pDVHs at V65 for this endpoint. In a study by Peeters 

et al [16] the strongest association between incontinence for blood/mucus/stools was found 

at V65, using planned DVHs of the anorectal wall. For stool frequency, Peeters et al [16] 

also found an association at V40 using pDVHs of the anorectum. A similar trend of 

association at this particular dose level was not seen in our study (Rs=0.08, p=0.11) and 

overall no strictly significant associations were obtained for this endpoint.

The associations with several specific rectal morbidity endpoints have been shown to be 

stronger utilising the DVHs calculated for different rectal sub volumes as compared to the 

associations with DVHs being based on the whole rectum [16, 17]. However in order to 

disclose the underlying three dimensional dose-response relationship, the use of spatial dose 

distributions within these sub volumes should probably be investigated [17, 20, 23].

It should clearly be pointed out that the motion model investigated in this study – using a 

series of rigid organ translations – is obviously a crude representation of the actual motion of 

the rectum. In each of the motion simulations, we also assumed the magnitude of the motion 

to be the same in the whole cohort. The resulting simDVHs are therefore (still) only 

surrogates of the actually delivered DVHs. Actual rectal motion patterns are caused mainly 

by individual deformations due to variations in organ filling, varying both between patients 

as well as fractions [2, 3, 5, 24] and may additionally be correlated to the motion patterns of 

the adjacent organs [25]. In a previous study we have compared accumulated dose 

distributions, based on re-calculations on repeat CT images following either rigid or 

deformable image registration, to planned dose distributions. We found that the planned and 

delivered doses may diverge considerably, in particular when large volume changes are seen 

[26]. Based on re-calculations on repeat cone-beam CT scans of twelve prostate cancer 

patients Hatton et al similarly found that the dose distributions assessed from the initial 

treatment plan deviated from the treatment fractions DVHs [27]. In another recent study 
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comparing the associations with morbidity between dose/volume parameters derived from 

planned vs. actually delivered motion-inclusive dose distributions (obtained from re-

calculations on a median of nine repeat CTs/patient in a series of 38 patients), associations 

were seen using the motion-inclusive parameters only [3]. This indicates that studies 

investigating the dose-response relationship are most likely to benefit from accounting for 

the deviations between planned and delivered dose/volume parameters on a patient specific 

level [1–3]. The present study should therefore rather be seen as an attempt to anticipate 

what we might expect from studies investigating actual motion-inclusive dose distributions 

with morbidity.

Conclusion

In this study we have shown that associating simulated motion-inclusive rectal dose 

distributions, primarily simulated as random motion, with late rectal morbidity lead to 

significant associations for four of the studied endpoints in the high dose region (55–70 Gy), 

although there were no obvious improvements in predictive power over the use of planned 

dose distributions. Among all studied endpoints the strongest associations were obtained for 

RTOG GI toxicity and rectal bleeding. Accounting for rectal motion is likely to improve the 

accuracy of future rectal morbidity prediction studies however such studies should include 

patient-specific descriptions of rectal motion over the course of therapy to achieve optimal 

predictive power.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
The associations between the pDVH or the simDVHs and RTOG GI toxicity, sphincter 

control and tenesmus (Rs) plotted for the dose levels (Gy) at which significant associations 

were obtained. Grey dashed line indicates significance (p≤0.05 for all curves above this 

line).
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Figure 2. 
The associations between the investigated dose levels and rectal bleeding using the pDVH or 

the simDVHs. Grey dashed line indicates significance (p≤0.05 for all curves above this 

line).
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Table 2

Upper panel: The Rs coefficients (95% CI) and p values for the dose levels at which significant associations 

(p≤0.05) were obtained using the pDVH or the simDVHs (HUH cohort). Numbers in bold indicate the dose 

level at which the significant associations were the strongest for each motion pattern. Lower panel: 

Application of a probit NTCP model, using the QUANTEC recommended parameters, to the pDVH and the 

simDVHs (HUH cohort).

Endpoint Vx (Gy) Rs (95% CI) P

RTOG GI

pDVH 60, 65, 70 0.14 (0.10–0.18), 0.20 (0.15–0.24), 0.19 (0.15–0.24) 0.03, 0.003, 0.004

simDVH (Rndm 0.2 cm) 55, 60, 65, 70 0.12 (0.07–0.17), 0.14 (0.10–0.19), 0.19 (0.15–0.24), 0.20 
(0.16–0.24)

0.05, 0.02, 0.004, 0.003

simDVH (Rndm 0.5 cm) 55, 60, 65, 70 0.12 (0.07–0.17), 0.14 (0.10–0.19), 0.17 (0.12–0.21), 0.21 
(0.17–0.26)

0.05, 0.02, 0.009, 0.002

simDVH (Rndm 0.8 cm) 55, 60, 65, 70 0.13 (0.08–0.17), 0.14 (0.10–0.19), 0.15 (0.10–0.20), 0.13 
(0.08–0.17)

0.04, 0.03, 0.02, 0.04

Tenesmus

pDVH 65, 70 0.14 (0.11–0.18), 0.14 (0.10–0.17) 0.01, 0.02

simDVH (Rndm 0.2 cm) 60, 65, 70 0.11 (0.08–0.14), 0.14 (0.11–0.18), 0.14 (0.10–0.17) 0.05, 0.02, 0.02

simDVH (Rndm 0.5 cm) 60, 65, 70 0.11 (0.07–0.14), 0.13 (0.09–0.16), 0.13 (0.10–0.16) 0.05, 0.03, 0.02

Sphincter control

pDVH 15, 25 0.13 (0.10–0.16), 0.11 (0.07–0.15) 0.02, 0.04

simDVH (Rndm 0.2 cm) 15, 25 0.13 (0.10–0.16), 0.11 (0.07–0.15) 0.02, 0.04

simDVH (Rndm 0.5 cm) 15, 25, 70 0.13 (0.11–0.16), 0.11 (0.07–0.16), 0.12 (0.08–0.16) 0.02, 0.04, 0.03

simDVH (Rndm 0.8 cm) 15, 25, 70 0.13 (0.11–0.16), 0.11 (0.07–0.15), 0.12 (0.08–0.17) 0.02, 0.05, 0.03

Rectal bleeding

pDVH 30, 35, 40, 45, 50 0.16 (0.12–0.20), 0.19 (0.15–0.23), 0.18 (0.13–0.23), 0.16 
(0.11–0.20), 0.15 (0.10–0.19)

0.01, 0.001, 0.003, 0.01, 0.01

55, 60, 65, 70 0.17 (0.13–0.21), 0.19 (0.15–0.23), 0.20 (0.15–0.24), 0.16 
(0.12–0.20)

0.01, 0.002, 0.001, 0.01

simDVH (Rndm 0.2 cm) 30, 35, 40, 45, 50 0.16 (0.12–0.20), 0.19 (0.15–0.23), 0.18 (0.14–0.23), 0.16 
(0.12–0.21), 0.16 (0.12–0.20)

0.01, 0.002, 0.003, 0.01, 0.01

55, 60, 65, 70 0.17 (0.13–0.22), 0.19 (0.15–0.24), 0.20 (0.16–0.24), 0.16 
(0.12–0.20)

0.01, 0.002, 0.001, 0.01

simDVH (Rndm 0.5 cm) 30, 35, 40, 45, 50 0.15 (0.11–0.19), 0.19 (0.14–0.23), 0.18 (0.13–0.22), 0.17 
(0.13–0.22), 0.17 (0.12–0.21)

0.01,0.002, 0.003, 0.004, 0.01

55, 60, 65, 70 0.18 (0.13–0.22), 0.19 (0.14–0.23), 0.19 (0.14–0.23), 0.14 
(0.09–0.18)

0.004, 0.002, 0.002, 0.02

simDVH (Rndm 0.8 cm) 30, 35, 40, 45, 50 0.15 (0.11–0.19), 0.18 (0.14–0.22), 0.18 (0.14–0.23), 0.18 
(0.13–0.22), 0.17 (0.12–0.22)

0.01, 0.003, 0.003, 0.003, 
0.004

55, 60, 65, 70 0.18 (0.13–0.22), 0.19 (0.14–0.23), 0.19 (0.14–0.23), 0.14 
(0.10–0.19)

0.003, 0.002, 0.002, 0.01

LKB (QUANTEC) Rs (95% CI) P

Tenesmus

pDVH 0.13 (0.09–0.18) 0.02

simDVH (Rndm 0.2 cm) 0.13 (0.09–0.17) 0.02

Rectal bleeding

Radiother Oncol. Author manuscript; available in PMC 2016 February 24.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Thor et al. Page 14

Endpoint Vx (Gy) Rs (95% CI) P

pDVH 0.13 (0.09–0.17) 0.02

simDVH (Rndm 0.2 cm) 0.13 (0.09–0.17) 0.02

simDVH (Rndm 0.8 cm) 0.13 (0.09–0.17) 0.02
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