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Introduction

State-of-the-art radiotherapy (RT) for prostate cancer has led
to improved overall cancer-specific survival rates by increas-
ing the dose delivered to the target, while maintaining the
doses delivered to the organs at risk (ORs) [1-3]. However,
the rectum is still a dose limiting OR [4] associated with late
gastro-intestinal (Gl) toxicity, which significantly impairs
patients’ quality of life [5,6].

Late Gl toxicity have been associated with rectal doses
typically using dose-surface or dose-volume histogram (DSH/
DVH) metrics derived from the planning CT [4,7-9]. Early
models predicting morbidity based on DSH/DVH reduction
methods based on planned dose distributions only showed
moderate degree of association between dosimetric parame-
ters and Gl toxicity [7-9]. The relatively weak associations
may be explained by at least two key factors: (1)
inter-fractional differences in rectal filling status, which make
the planned dose not representative of the accumulated
dose [10]; and (2) disregarding of spatial information. Rectal
dose surface maps (DSMs) have been suggested as a solution
to account for spatial patterns in associations between dose
distributions and Gl toxicity, potentially improving dose-
response relationships [11-15]. Statistical simulations of
motion-inclusive accumulated doses have showed potentially
stronger associations to morbidity risk than the planned
doses [16-18]. Combining this with data from on-board 3D
imaging (e.g. cone-beam CT, CBCT), one may potentially
obtain accumulated DSMs, although few studies have utilized
daily DSMs for that purpose. Shelley et al. presented the first
study using on-board megavoltage CT to extract daily rectal
DSM, showing an improvement in associations between Gl
toxicity and parameterized metrics extracted from the
accumulated DSMs, compared to planned [15]. However,
there is still a need to accurately localize rectal regions more
prone to trigger manifestation of late Gl toxicity following RT
for prostate cancer.

Therefore, the aim of this study was to investigate
whether there is a spatial rectal dose-response relationship,
as assessed from DSMs, for late Gl toxicity following RT for
prostate cancer using (1) planned doses and (2) accumulated
doses from daily on-board imaging.

Material and Methods
Patient cohort and Treatment

A total of 449 patients were treated with intensity-modulated
RT (IMRT) or volumetric modulated arc therapy (VMAT) for
prostate cancer at the University of California, San Diego,
between 2008 and 2014. Of these, 258 patients were treated
with daily CBCT-guided set-up. Twelve patients (5%) pre-
sented with any late GI toxicity Grade >1; six of these (2%)
developed Grade >2 late GI toxicity according to the RTOG
criteria [19]. These six cases had colonoscopy-identified rectal
hemorrhage due to radiation proctitis. The remaining
patients free from late GI toxicity were considered as poten-
tial controls. No case or control presented with pre-RT Gl
toxicity (proctitis, rectal hemorrhage, fecal incontinence or
rectal fistula).

Three controls per case were matched according to age
(£ five years), Gleason score, risk group, pre-RT Gl status, fol-
low-up time, use of neoadjuvant androgen deprivation ther-
apy, dose prescription and fractionation schedule. A total of
24 patients (six cases and eighteen matched controls) were
analyzed. If a case presented more than three potential con-
trols, the selected controls were those presenting the smallest
difference in the follow-up time, and follow-up times for cases
and controls (mean+SD: 3.1+0.8 years, vs. 3.7+ 1.5 years,
respectively) were not different (Mann-Whitney test p =.69).
The collection of the toxicity information and classification of
patient status were performed prospectively by the respon-
sible medical doctor (AH), who was present in all follow-up
visits of the patients due to treatment-related problems.
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Figure 1. Population average planned (first row) and accumulated (second row) DSMs. Comparison between controls (left column) and cases (central column)

showing areas of significant differences (right column).

The patients were prescribed to a total of 77.4-81.0Gy (in
43-45 fractions), delivered to the intact prostate with
treatment to the seminal vesicles included at the discretion
of the treating physician. All patients underwent planning CT
and daily treatments in supine position with the lower
extremities immobilized in a VacLock device (Civco
Radiotherapy, IA, USA). Planning target volumes (PTVs) were
generated in the planning CT from the clinical target
volumes (CTVs), using 7mm margin in all directions except
3 mm margin posteriorly. All treatment plans were performed
in Eclipse v.8-10 (Varian Medical Systems, CA, USA), with the
planning objective for the dose to the rectum Vgsg,<17%
and V406y<35% [20]. Additionally, the 90% dose line was
restricted to encompassing not more than the anterior half
of the rectum on any axial slice and the 50% dose line was
not allowed to encompass the full circumference of
the rectum.

DSM analysis

For each patient, 13 CBCTs were rigidly registered to the
planning CT and the connected dose matrix using the clinic-
ally recorded 3D treatment shifts (only translations). Dose
distributions at each CBCT were a rigid translation of the
dose matrix at the planning CT, assuming negligible varia-
tions in dose distributions (<2%) due to the interfractional
changes [21,22]. Detailed contouring and registration work-
flow has been described previously [23,24] (Supplementary
Material A).

For each patient, the rectum at the planning CT and regis-
tered CBCTs was virtually unfolded using a contour-wise
method normalizing each dose distribution to a common
frame of 200x200 pixels [9,14,25]. Accumulated DSMs were
calculated as the sum of the extracted daily map previously
converted to EQD,g, [26], assuming an o/f =3 Gy [27].

Comparisons of dose distributions were performed using
permutation t-tests on planned and accumulated DSMs,
described in detail by Chen et al. [28] and also previously
used to study spatial dose patterns in patients presenting
with Gl toxicity [13,29] (Supplementary Material B).

Additionally, dose widths of the entire DSM, dose widths
of the inferior part of the DSM, and DSH points for the
isodose levels between 30 and 70Gy (in 5Gy steps) were
compared between cases and controls. Dose widths were
previously used to study the associations between spatial
dose metrics and Gl toxicity [11,15]. Finally, previously devel-
oped rectal DSM-based normal tissue complication probabil-
ity (NTCP) models relating to mild Gl symptoms [14] were
validated (Supplementary Material C and D). Comparisons
were assessed using a two-way ANOVA test accounting for
the matching information, while between planned and
accumulated using paired t-tests. The statistical analysis was
performed in Stata 13.1 (StataCorp, TX, USA) and in Matlab
R2018a (The MathWorks Inc., MA, USA).

Results

Cases had significantly higher doses compared to controls
at the inferior part of the rectum (dose difference in the
range 17 Gy-43Gy) in the accumulated DSMs (p=.02); the
differences in the planned DSMs were not significant (dose
differences up to 31Gy; p=.10; Figure 1). Additionally,
controls had significantly lower doses in the accumulated
DSMs than planned (p <.01).

The largest differences in accumulated DSM-based metrics
between cases and controls were observed for 70Gy dose
widths (p=.08) and DSH;us, (p=.03, Figure 2). However,
metrics extracted from the inferior part of the accumulated
DSMs presented larger differences between cases and controls
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Figure 2. p-values of the two-way anova test comparing dose metrics extracted from the DSM between cases and controls for both planned (red) and accumulated

(blue) dose distributions.

(p=.02). All these differences were found at non-significant
levels considering the correction for multiple testing.

Discussion

Doses delivered to the inferior part of the rectum were
found to be significantly higher in accumulated DSMs for
patients that had late Gl toxicity following high-precision RT
for prostate cancer. A similar statistically significant difference
was not observed using planned rectal doses, motivating the
use of accumulated doses in the assessment of dose-
response relationships for late Gl toxicity. Using DVHs/DSHs
we did not find corresponding differences between cases
and controls. Adding to this, we also found that the patients
with toxicity indeed had higher risk of toxicity when using
DSM-based NTCP models.

Previous studies have showed that dose widths from the
high dose region (60Gy) presented the best discriminative
power for Gl toxicity [11,15], which are in agreement with
the findings of the present study (70 Gy, Figure 1). Our find-
ings are also in line with previous observations showing the
importance of the high doses delivered to the inferior part
of the rectum in the manifestation of severe Gl toxicity
following RT for prostate cancer [30-32]. However, the use of
pixel-wise permutation t-test compared to DSM-based met-
rics enables identification of rectal areas primarily responsible
for the development of Gl toxicity.

The present results also showed a clear benefit of using
accumulated doses in the analysis of dose-response relation-
ships. In the comparison of planned dose distributions
between cases and controls, the present method captured a
non-significant trend (p=.10) of higher doses in the inferior
rectum for cases compared to controls, however this trend
only became significant using the accumulated doses
(p=.02). Shelley et al. also demonstrated that delivered
doses compared to planned predict better the manifestation
of several acute Gl symptoms following RT for prostate can-
cer [15]. Their study was based on on-board daily MV CTs,
where the field-of-view does not encompass the entire
rectum, and the inferior and superior part of the rectum

were therefore ‘filled in” with information from the planning
CT [15].

The number of patients analyzed in the study is low but
some significant differences were still observed, and these
differences addressing higher doses delivered at the inferior
rectum for cases were in concordance with previous studies
[30-32]. However, even under strict image-guided RT proto-
col, assessing rectum and bladder filling status prior each
daily fraction delivery, planned dose distributions have lim-
ited predictive power of Gl toxicity. Therefore, we cannot
extract constraints for clinical use to minimize the risk of Gl
toxicity, and further investigation might be needed to
determine dose levels in planned DSMs that will reduce the
risk of toxicity in radiotherapy for prostate cancer.

In the analysis of the metrics extracted from DSMs, we
acknowledge that multiple comparisons are performed.
Therefore, the reader should interpret those borderline
significant levels with caution since all reported p-values are
above the significance level when correcting for multiple
testing (Figure 2). However, we clearly observed that differ-
ences between cases and controls were better described
using dose metrics extracted form delivered compared to
planned DSMs. Metrics from the inferior part of the rectum
also presented a higher level of association compared to
those extracted from the entire rectal map, confirming the
implication of this part of the rectum in the manifestation of
Gl toxicity.

The method to extract the DSMs for the planning CT and
each fraction is easy to implement. One potential application
is to extract DSMs after every fraction (following rectum
re-contouring) and reevaluate the risk of Gl toxicity for each
particular patient. This may open the path for an online
adaptive RT for prostate cancer minimizing the risk of tox-
icity. Further investigation will also disclose whether the
trends observed in this study are driven by the treatment
planning process, or by the relative position between pros-
tate, rectum and other organs at risk. Using this method we
have shown the importance of doses delivered to the inferior
rectum. Therefore, this organ substructure may be taken into
account during planning to decrease substantially the dose
in that region and the risk of late GI toxicity.
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In conclusion, patients with late Gl toxicity presented with
significantly higher doses in the inferior part of the rectum
compared to asymptomatic patients. In the planned DSM the
patients developing toxicity already presented a trend of
higher doses in the inferior sector of the rectum, and these
differences became significant using the accumulated DSM
extracted from on-board imaging. We also observed that
DVH/DSH-based metrics were unable to capture the differen-
ces between patients with and without Gl toxicity.
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