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Rectum motion and morbidity prediction: Improving correlation
between late morbidity and DVH parameters through use of rectum
planning organ at risk volumes
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Abstract

Background and purpose. The rectum is a major dose-limiting organ at risk (OR) in radiotherapy (RT) of prostate cancer.
Methods to predict adverse effects in the rectum are therefore important but their precision often limited, not the least by
the internal motion of this organ. In this study late rectal morbidity is investigated in relation to the internal motion of the
rectum by applying the ‘Planning organ at Risk Volume’ (PRV) concept. Materials and methods: Late rectal morbidity was
analysed in 242 prostate cancer patients treated to 70 Gy with conformal RT to either the prostate, the prostate and
seminal vesicles or the whole pelvis (initial 50 Gy only). Late rectal morbidity was classified by the late gastro-intestinal
(GI) RTOG toxicity scoring system. Cumulative dose-volume histograms (DVHs) were derived for the rectum OR and six
rectum PRVs i.e. the OR expanded with six different margins (narrow/intermediate/wide in anterior direction or in both
anterior and posterior direction). The difference in rectum dose-volume parameters between patients with Grade 0-1 vs.
Grade 2 or higher morbidity was investigated by logistic regression and permutation tests. Results: Late Grade 2 or higher
morbidity was observed in 25 of 242 (10%) patients. The logistic regression analysis and the permutation tests reached
significance (p = 0.05) for only one dose level of the rectum OR (40 Gy). For the PRVs, several dose levels were found
to be significant (p-value range: 0.01-0.046), most pronounced for the PRV with narrow margins of 6 mm anterior and
5 mm posterior with five intermediate (38-42 Gy) and ten high (62-71 Gy) dose levels. Conclusions: The statistical meth-
ods applied displayed consistently a small though significant difference in DVH parameters between patients with vs.
without Grade 2 or higher late rectal morbidity for intermediate and high dose levels. The difference became most evident
when using a PRV with narrow margins.

The rectum is a major dose-limiting organ at risk
(OR) in radiotherapy (RT) of prostate cancer, due
to risk of developing late rectal complications [1,2].
Three-dimensional conformalradiotherapy (3DCRT)
as well as the subsequent intensity-modulated RT
(IMRT) techniques allow for precise radiation deliv-
ery to the prostate and limit the irradiated rectum
volume [3]. Nevertheless, to take full advantage
of these technologies, detailed knowledge of the
dose response of the rectum is required [4]. In 2001,
Jackson and colleagues studied features of the dose
volume histogram (DVH) for the rectum OR in
patients with prostate cancer and found significant
relations between late rectal morbidity and several

dose levels [5]. A number of later studies have inves-
tigated the relationship between rectum OR dose/
volume parameters and late rectal morbidity. In
general, most of these found associations between
rectum OR dose-volume parameters and late rectal
morbidity for doses = 60 Gy [6,7]. Still, consider-
able uncertainties about the dose/volume response
of rectal morbidity remain, e.g. the influence of
patient and treatment-related factors, including the
internal motion of this organ [2].

Previous studies have shown that the rectum
undergoes considerable internal motion during a
course of RT, in magnitude similar to the axial
extent of the rectum [8,9]. Organ motion causes
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both random and systematic errors which will blur
and shift, respectively, the dose distribution relative
to the target [10]. In order to predict rectal comp-
lications after prostate RT, knowledge of how the
internal rectal motion influences the dose/volume
parameters is central to obtain accurate information
of the dose/volume constraints [8]. A simple strategy
to account for internal organ motion and set-up
uncertainties and capture the dose distribution in the
volume space in which the OR is likely to move
within is to expand (i.e. add margins to) the OR [11].
This approach is commonly denoted the planning
organ at risk volume (PRV) concept and was first
introduced in the International Commission on
Radiation Units and Measurements (ICRU) Report
62 [11]. A previous study has explored whether use
of rectum PRVs improved the association between
DVH parameters and acute gastro-intestinal (GI)
toxicity in a series of 132 prostate cancer patients [9].
For the DVHs of the PRVs, two to three times as
many dose levels were found significantly related to
toxicity compared to rectum only [9,12].

In this study, the persistent late rectal morbidity
is investigated in relation to the internal motion of
the rectum in a larger patient series, applying the
population-based measure of motion represented by
the PRV concept.

Material and methods

Patient material, dose prescription and
treatment technique

Between 2000 and 2001, 247 prostate cancer patients
were treated at Haukeland University Hospital
(Bergen, Norway) with curative RT to 70 Gy with
10-15 MV photon beams in daily 2 Gy fractions five
days a week. During the first five weeks the patients
received 50 Gy to a large target volume followed by
two weeks of 20 Gy to a reduced volume, the boost
volume (further details on target volumes follow in
the next section). The treatment planning was per-
formed in Helax TMS (Helax TMS v 6.1A, Helax
AB, Uppsala, Sweden). All patients were treated by
multi-leaf collimator (MLC)-based 3DCRT with a
four-field box technique (anterior, posterior and two
lateral fields) except for one patient treated with a
six-field technique (anterior, posterior and four lat-
eral oblique fields).

Of these 247 patients, 86% had more advanced
tumours [13] and received hormone therapy com-
mencing three to four months before and prolonging
two months after start of the 3DCRT to reduce the
prostate volume and hence the dose delivered to the
ORs, i.e. the rectum and the bladder. The primary
tumour was staged according to the 1997 tumour,

node and metastasis (TNM) classification for pros-
tate cancer [13] and histopathology was classified
according to the Gleason pattern score [14].

The prescribed dose was defined as the mean
dose to the internal target volume with a dose varia-
tion within the planning target volume meeting the
ICRU criteria (—5% and +7%) [15]. Patient specific
data, further details of the treatment procedure and
the late effects have been described previously [16],
but the relevant information for this study is briefly
summarized below.

Patient groups and organ outlining

The patients were separated according to their risk
factors (TINM stage, PSA level and Gleason score) and
divided into three groups [16]: 153 patients in Group
Prostate (P), 49 patients in Group prostate and seminal
vesicles (PSV) and 45 patients in Group modified pelvic
fields (MPF) . The patients in Group P and Group PSTV
received initially 50 Gy to the prostate respectively
prostate and the prostate and seminal vesicles, followed
by 20 Gy to the prostate solely. Patients in Group MPF
received RT to 50 Gy to a larger volume followed by
a reduced volume of the prostate and seminal vesicles
to 20 Gy. Two margins were added to the CTV to
obtain the PTVs: 15 mm to the initial target volume
and 10 mm to the boost volume except in posterior
direction towards rectum where 10 mm respectively 5
mm were used. The lateral margin for the MPF patients
was 1 cm beyond the anatomic pelvis and limited to
10 mm from the prostate and seminal vesicles.

On the planning computer tomography (CT)
scan, the responsible oncologist outlined the prostate,
the seminal vesicles and the ORs. The rectum was
defined by the volume within the outer wall contour
including the contents using the first CT slice below
the recto-sigmoid flexure as superior limit and the
first CT slice above the anal verge as inferior limit.

For the purpose of this study, six rectum PRVs
were defined by volume expansion from the rectum
OR using six different sets of margins (narrow/inter-
mediate/wide in anterior direction or in both anterior
and posterior direction; see Table I). These margins
were based on a previous study on rectum motion
in bladder cancer patients [8] with the narrow and
large margins enclosing approximately 50% and 75%
respectively of the observed rectum variation. As
dose gradients primarily were observed along the
anterior and posterior direction, margins were applied
in these directions only [9].

Late morbidiry and follow-up

All patients were followed prospectively every six months
the first year and then annually. Late complications



Table I. The different combinations of rectum margins [mm]
applied: PRV 1-3 expanded in anterior direction only and PRV
4-6 in both anterior and posterior direction.

Margin A [mm] P [mm]
PRV 1 Narrow 6 1
PRV 2 Intermediate 11 1
PRV 3 Wide 16 1
PRV 4 Narrow 6 5
PRV 5 Intermediate 11 8
PRV 6 Wide 16 11

were identified as adverse effects developed more than
90 days after the RT or as those starting earlier and
persisting longer than 90 days after completed RT.
The RTOG scoring system [17] was used to grade
the late lower gastrointestinal (GI) toxicity from three
months up to five years after RT. The follow-up was
standardized in terms of using a fixed questionnaire
with the same physician conducting at least 90% of
the follow-up sessions.

Our late rectal morbidity end-point was defined
as the maximum recorded late lower GI Grade, even
if a certain adverse effect later subsided. Patients
were separated into two groups: Late GI Grade 0-1
and late GI Grade 2 or higher toxicity. In an addi-
tional analysis, we also included patients with pro-
longed late GI Grade 1 on two subsequent follow-up
occasions into the maximum late GI Grade 2 or
higher toxicity group.

DVH calculation

Relative DVHs for the rectum OR and PRVs were cal-
culated for the summed plans to 70 Gy in steps of 1 Gy
(from O to the maximal dose) for 242 patients (exclusion
due to early death in two patients; data transfer prob-
lems in three patients). The DVH-based parameters,
i.e. the dose/volume data was extracted and processed
into cumulative DVHs in MATLAB (MATLAB v
7.6.0 (R2008a), The Mathworks, Inc, MA, US).

The generalised equivalent uniform dose
(¢EUD) analysis

The generalised equivalent uniform dose (gEUD)
concept condenses information about the whole
DVH into one single dose parameter, using a param-
eter n to describe the volume dependence of the
dose-response relationship [18]. The gEUD is
assumed to be related to the risk of experiencing
normal tissue complications in a certain organ and
has shown to be useful also in clinical setting [19].
The gEUD was calculated for all patients by means
of the cumulative DVHs for the rectum only and the
rectum PRVs applying the following relation [20]:
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(1/n) ”
EUDz(Z" D, V"] 1)
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where XV is the number of voxels of the current
rectum structure and D,V signifies the dose associated
with the i-th voxel. By definition, the gEUD repre-
sents the mean dose when n=1, whereas when
n approaches 0 (but non-negative) the gEUD
approaches the maximum dose. There is general
consensus that the » parameter for rectum is rela-
tively low (< 0.25-0.15) indicating that high-dose
regions is the predominant factor in determining the
risk of rectal toxicity [6]. The n parameter for the
rectal wall was proposed to be 0.12 by Burman
et al. [21] some 20 years ago. Several recent studies
have assigned divergent values to the »n parameter
[22,23]. In this study, gEUD calculations were per-
formed using a range of values for the n parameter
(0.08, 0.12 and 0.23).

Statistical analysis

Two statistical methods were used to investigate pos-
sible differences between the two morbidity popula-
tions (see section Late morbidity and follow-up for
details): Logistic regression and permutation tests.
The permutation tests estimate p-values from Monte
Carlo simulations and were applied in the present
study with 200 simulations in order to validate the
results from the logistic regression. Prediction by
means of logistic regression will typically misclassify
some of the patients in each morbidity population
[24]. The morbidity level was coded binary with 1
denoting patients with = Grade 2 morbidity and 0
patients with Grade 0-1 morbidity. The statistical
analysis was conducted in a statistical software
(STATA/IC 11.0, StataCorpLP, TX, US).

Results

The maximum late lower GI RTOG Grade 2 or
higher toxicity was observed in 25 (10%) of the 242
studied patients, with one case of Grade 4 toxicity.
The symptoms consisted mainly of increased fre-
quency of bowel movements, incontinence and
mucous discharge. Overall, there were no differences
in the irradiated average relative rectum volume for
none of the dose levels between the two morbidity
populations. However, for high dose levels (56-73 Gy)
the patients with = Grade 2 toxicity had a 2% larger
irradiated average relative rectum volume and 3%
larger for intermediate dose levels (33-44 Gy). The
permutation tests reached significance (p = 0.05)
for only one dose level (40 Gy) for the rectum OR.
Nevertheless, for the PRVs a range of dose levels
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were found to be significant with the logistic regres-
sion and validated by the permutation tests (p-value
range 0.01-0.046). This was most pronounced with
margins added in both the anterior and the posterior
direction (Figure 1) with ten significant high (62-71
Gy) and five intermediate (38—42 Gy) dose levels in
total. The number of significant dose levels was most
distinct with margins of 6 mm anterior and 5 mm
posterior (PRV 4) added. The p-values were consid-
erably lower for all PRVs than the rectum OR in the
55-70 Gy dose range while approximately equal to
the p-values for doses in the 40-55 Gy range as well
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as for doses below 40 Gy. The average area under the
DVH curve (AUC) for the PRVs extended in both
the anterior and posterior direction for the significant
dose intervals was generally larger for patients with
Grade 2 or higher GI toxicity than for Grade 0-1
(Table II) and on average 187 vs. 170 for the high
dose levels and 92 vs. 82 for the intermediate.

The gEUDs were found to have a higher value
for the patients with=Grade 2 toxicity, but the dif-
ferences did not reach statistical significance. The
increase was most evident for large values of the
n parameter (Table III).
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Figure 1. The p-values from the logistic regression (permutation tests confirmed these p-values) between the maximum recorded rectum
late morbidity and the relative volumes receiving a certain dose for rectum only (thin broken line) and with the six different margins (solid
black lines) added. Dotted horizontal line indicates significance (p = 0.05).



Table II. The calculated average area under the DVH curve (AUC)
for the PRVs with intervals of significant dose levels for the
high- and the intermediate dose levels. For the maximum RTOG
morbidity end-point the AUC is calculated for PRV 4 (high
dose levels) and PRV 4, 5 and 6 (intermediate dose levels). The
AUC from the maximum RTOG morbidity end-point together
with the prolonged GI Grade 1 is instead determined for PRV 1,
3 and 6 (high dose levels) and for the rectum only and all PRVs
(intermediate dose levels).

AUC

High dose Intermediate
Morbidity population levels dose levels
Maximum RTOG PRV 4 PRV 4, 5, 6
GI 0-1 170 82
Gl =2 187 92
AUC difference 17 10
Prolonged and maximum PRV 1, 3, 6 Rectum OR, all

RTOG PRVs

GI 0-1 104 186
Gl =2 120 209
AUC difference 16 23

When modifying the maximum late GI Grade
2 or higher toxicity group to include also patients
with GI Grade 1 on two subsequent follow-up occa-
sions, the morbidity population consisted instead
of 33 (14%) patients. This morbidity population
had a 1% larger irradiated average relative rectum
volume for all dose levels compared to patients in
group Grade 0-1, except for dose levels between
29-73 Gy where it was 3% larger. Statistical signifi-
cance (p-value range 0.01-0.05) based on the logistic
regression and confirmed by the permutation tests
was obtained for both the rectum OR and for the
PRVs extended in anterior/posterior direction and in
anterior direction only. In this case, the number of
significant dose levels was most expressed with wide
margins of 16 mm anterior added (PRV 3) as well
as with wide margins of 16 mm anterior and 11 mm
posterior (PRV six) with totally 6 high (64-70 Gy)
and five intermediate (38-42 Gy) significant dose
levels (Figure 2). The AUC for the rectum OR and
all the PRVs for the significant dose intervals was in
analogy with the former findings; larger for patients
with Grade 2 or higher GI toxicity (with GI Grade 1
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on two subsequent follow-up occasions included) vs.
Grade 0-1, though somewhat more pronounced for
the intermediate dose levels (Table II).

Discussion

In this study we have investigated differences in
DVH parameters between patients with Grade 0-1
vs. patients with = RTOG late lower GI Grade 2
toxicity. Overall, the statistical analysis derived from
logistic regression, and also verified by the permuta-
tion tests, has shown a small though significant dif-
ference for intermediate and high individual dose
levels. Regarding the main purpose of the study, i.e.
evaluating the impact of rectum PRVs, the differ-
ences in DVH parameters were found far more evi-
dent when margins were applied. PRVs expanded in
anterior direction only demonstrated significant
dose levels as the morbidity population was expanded
whilst margins in both anterior and posterior direc-
tion yielded a range of significant dose levels for
both investigated morbidity populations. Concern-
ing the size of the margins, the number of significant
dose levels peaked with narrow anterior and poste-
rior margins (PRV 4).

Expanding the maximum late GI Grade 2 or
higher toxicity group to include also patients with
prolonged late GI Grade 1 on two subsequent fol-
low-up occasions provided a stronger association
between DVH parameters and morbidity and hence
increased the number of significant dose levels: Sig-
nificant dose levels were found for rectum OR and
all PRVs. With this definition of morbidity, the pat-
tern was most pronounced with wide anterior (PRV
3) and anterior and posterior (PRV 6) margins. In
general, studying late rectal toxicity with such a lon-
gitudinal aspect has shown to contribute with both
supplementary and complimentary information com-
pared to using the maximum rectal toxicity end-point
only to derive dose-volume constraints [25].

Another common strategy to compare DVH
parameters is to analyze the specific values of the
relative volumes in the DVHs. Introducing this for

Table III. The generalized equivalent uniform dose (gEUD) with corresponding SD (in brackets) as well as the p-value for the difference
in gEUDs between patients with or without the late maximum GI RTOG Grade 2 or higher rectal morbidity for the rectum only and
rectum with margins with different values of the » parameter (0.08, 0.12 and 0.23).

¢EUD n = 0.08 n=0.12 n =023

Structure GI 0-1 Gl =2 p GI 0-1 Gl=2 P GI 0-1 Gl=2 P
Rectum OR 53.2 (£2.9)  54.0 (*3.4) 0.21 49.6 (+3.6) 50.5 (£4.2) 0.23 44.3 (+4.9) 45.6 (*5.8) 0.24
PRV 1 54.3 (£2.5) 55.1 (x2.9) 0.15 50.8 (£3.1) 51.9 (+3.8) 0.17 45.6 (=4.5) 46.9 (+5.3) 0.20
PRV 2 55.0 (£2.2)  55.8 (x2.7) 0.16 51.7 (£2.8) 52.6 (¥3.4) 0.18 46.5 (+4.2) 47.9 (£5.0) 0.21
PRV 3 55.5 (£2.1) 56.2 (£2.5) 0.13 52.2 (£2.7) 53.1 (£3.2) 0.14 47.1 (=4.0) 48.3 (+4.8) 0.16
PRV 4 54.1 (£2.5) 54.8 (¥x2.9) 0.15 50.5 (£3.1) 51.9 (*£3.8) 0.17 45.1 (x4.5) 46.4 (£5.5) 0.19
PRV 5 54.6 (£2.2)  55.3 (x2.7) 0.15 51.1 (£2.9) 52.0 (¥3.5) 0.16 45.7 (+4.3) 46.9 (¥5.1) 0.19
PRV 6 55.0 (£2.1) 55.8 (¥2.6) 0.10 51.5 (£2.7) 52.5 (*£3.4) 0.12 46.1 (=4.1) 47.5(+5.0) 0.13
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Figure 2. The p-values from the logistic regression (permutation tests confirmed these p-values) between the maximum late GI Grade 2
or higher toxicity group including also patients with prolonged GI Grade 1 and the relative volumes receiving a certain dose for rectum
only (thin broken line) and with wide margins (solid black lines) added in anterior direction only (PRV 3) or in both anterior and posterior
direction (PRV 6) added. Dotted horizontal line indicates significance (p = 0.05).

1, 2,5, 10-100% of the rectal volume to the rectum
OR and the PRV with the largest number of signifi-
cant dose levels (PRV 4) the statistical methods
applied did however not reach statistical significance
(data not shown). Hence, specific values of the rela-
tive volumes had no apparent predictive power dif-
ferentiating between patients with=vs. without late
GI Grade 2 toxicity.

Although there is a general understanding of
significant associations between rectum OR dose-
volume parameters and late rectal morbidity for
doses = 60 Gy there is still no consensus for doses
= 45 Gy [6]. Nevertheless, amongst the exceptions
the paper by Jackson et al. [5] implies significant dose
levels for the rectum OR in the range 40-50 Gy. This
is interpreted as when high-dose regions are sur-
rounded by extensive volumes receiving intermediate
doses, the ability of these surrounding tissues to aid
in the repair of an injury may be depressed (the ‘dose
bath effect’) [5]. Likewise these findings and another
report from our group supporting significant inter-
mediate dose levels though correlating acuze morbid-
ity with rectum OR and expanded with equivalent
margins for the rectum PRVs [9], the discoveries in
the present study strengthen such an assumption for
the rectum OR and in particular for the rectum
PRVs. On the other hand, the volumes exposed to a
certain dose level are likely to be highly correlated
with one another across a wide range of doses, in
particular for patients treated with similar techniques
at the same institution [6]. Volumes exposed to inter-
mediate doses may therefore appear significant due
to their correlation with the more biologically impor-
tant high dose volumes.

A known limitation of the GI toxicity definition
of the RTOG scoring system is the lack of discrim-
ination between small bowel and rectum toxicity
[17]. Since the 45 patients in our MPF had a

considerable irradiation of also the bowel, we also
looked for associations between bowel DVHs (both
OR and isotropically expanded PRVs) and our max-
imum GI endpoint. We did, however, not find any
significant relations (data not shown), probably due
to the low number of patients. In a future study we
therefore aim to explore these relations by expand-
ing the present data material with other clinical
series [26,27].

The Monte Carlo based permutation tests were
applied to validate the prediction based on the logistic
regression. Although we acknowledge the potential
bias of repeated testing [28], the p-values used in this
analysis are considered as a relative measure of the
importance of different dose levels. This enables a
comparison with the p-value interpretation of tradi-
tional morbidity prediction studies [e.g. 5]. Several
other statistical methods could have been applied,
such as receiver operating characteristics (ROC) anal-
ysis, but the issue of repeated testing would still
remain.

Using the gEUD concept to describe the dose-
response relation will depend on the relevance of the
value designated to the n parameter. The values cho-
sen for the # parameter in this study are anchored to
the reference work by Burman et al. [21] as well as
to more recent studies [22,23], both aiming for a
reliable description of the volume dependence in the
rectum.

The margins selected for this study have been
derived from a repeat CT and electronic portal imag-
ing study on bladder cancer patients [8] measuring
the variation of the rectum across the whole height
of the rectum but by adding margins in 2D. This was
motivated by the fairly fixed location of the rectum
in superior-inferior direction and the lack of dose
gradients in pelvic RT set-ups [8]. Using margins
around ORs is however a simplified method to



account for complex internal motion of volume
changes, and set-up uncertainties. A more sophisti-
cated approach would apply a model for rectum
shape variations [e.g. 29]; this will be the topic for
future investigations.

The PRV concept has been provided as means of
predicting adverse effects also for other ORs after
prostate RT. Sanguineti et al. [30] expanded the
bowel as the intestinal cavity and found one indepen-
dent dose level (15 Gy) predicting acute peak Grade
2 diarrhea. In addition to the benefit of using PRVs
for improving the predictive power for DVH param-
eters as shown in the present study, its use to account
for organ motion and set-up errors [11] has broad
support and application in situations where the dose
levels cause unacceptable complications, in particu-
lar for serial organs such as, e.g. for the spinal cord
and the brain stem in head and neck IMRT planning
[10]. Generally, the PRVs are suggested to be defined
such that their DVHs will not underestimate the con-
tribution of the high-dose component of the OR in
90% of the cases in order to fulfil the DVH con-
straints for the ORs and make the treatment plans
more robust [10].

In this study and in morbidity prediction studies
in general, the dose distribution has been determined
from the treatment planning CT which only gives a
snapshot of the patient anatomy [31-33]. The dose
distributions delivered to the rectal wall across the
fractionated course of radiotherapy can vary consider-
ably from the planned dose distributions due to motion
and positioning uncertainties of the rectum [29]. This
implies that previous approaches have applied a dose
distribution that does not mirror the whole picture
of the real dose delivered to the rectum [6]. Future
improvements in modelling of late rectal morbidity
is likely to result from DVHs that more accurately
reflect the actual dose distribution to the rectum [34]
along with improved understanding in the underly-
ing biology of rectal morbidity [6,32,35,36]. There
are yet many steps towards the aim of achieving a
more accurate actual dose distribution [29,32]. In
future studies we aim to accumulate the dose to the
rectum based on available series of repeat CT/Cone
Beam CT scans acquired during the course of ther-
apy. With these data it will be possible to take the
rectum deformation into account, hopefully resulting
in improved relationship between morbidity and the
dose actually delivered to the rectum.

In conclusion, this study has displayed significant
differences in associating the cumulative rectum dose
with morbidity for patients with and without late GI
Grade 2 effects, with more distinct differences when
using margins around the rectum OR. The findings
of this study support the use of rectum PRVs as tools
in RT reporting and evaluation.
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