informa

healthcare

Acta Oncologica, 20155 54: 179-186

ORIGINAL ARTICLE

Dose-response of acute urinary toxicity of long-course preoperative
chemoradiotherapy for rectal cancer
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Background. Long-course preoperative chemoradiotherapy (chemo-RT) improves outcomes for rectal cancer patients,
but acute side effects during treatment may cause considerable patient discomfort and may compromise treatment com-
pliance. We developed a dose-response model for acute urinary toxicity based on a large, single-institution series.
Material and methods. In total 345 patients were treated with (chemo-)RT for primary rectal cancer from January
2007 to May 2012. Urinary toxicity during RT was scored prospectively using the CTCAE v 3.0 cystitis score (grade
0-5). Clinical variables and radiation dose to the bladder were related to graded toxicity using multivariate ordinal
logistic regression. Three models were optimized, each containing all available clinical variables and one of three dose
metrics: Mean dose (D, ), equivalent uniform dose (EUD), or relative volume given x Gy or above (dose cut-off model,
V). The optimal dose metric was chosen using the Akaike Information Criterion (AIC).

Results. Grade 1 cystitis was experienced by 138 (40%), grade 2 by 39 (11%) and grade 3 by two (1%) patients,
respectively. Dose metrics were significantly correlated with toxicity in all models, but the dose cut-off model provided
the best AIC value. The only significant clinical risk factors in the V. model were male gender (p = 0.006) and brachy-
therapy boost (p=0.02). Reducing the model to include gender, brachytherapy boost and V_ yielded odds ratios
OR, =182 (1.17-2.80), OR,, =1.36 (1.02-1.80 for each 5 Gy), x=35.1 Gy (28.6-41.5 Gy). The predicted risk
of grade 2 and above cystitis ranged from 2% to 26%.

Conclusion. Acute cystitis correlated significantly with radiation dose to the bladder; the dose-cut-off model (Vs )
was superior to D, and EUD models. Male gender and brachytherapy boost increased the risk of toxicity. Wide
variation in predicted risks suggests room for treatment optimization using individual dose constraints.

ABSTRACT

Patients undergoing radiotherapy (RT) for pelvic
malignancies will frequently have their bladder par-
tially or fully irradiated to substantial doses, with a
resulting risk of acute and late radiation-induced uri-
nary toxicity [1,2]. This risk is relatively well studied
in patients treated for bladder [2], prostate [3] and
gynecological [4] cancers, but much less so in rectal
cancer patients, despite long-course, preoperative
(chemo-)RT being part of the standard treatment
regimen for locally advanced rectal cancer [5]. Urinary
toxicity is, nevertheless, a genuine concern for this
patient group [6]. If estimates of the dose-response
relationship for urinary toxicity are improved, modern

RT planning techniques may allow for optimization
of dose distributions to minimize the risk of
toxicity [7].

To carry out dose plan optimization, relevant
dose constraints and the nature of volume effects in
organs at risk have to be established. This has long
been the focus of extensive research efforts in other
cancer sites [8], but limited work has been performed
for preoperative RT of rectal cancer — and what little
that has been done has mainly focused on gastroin-
testinal toxicity. This study examined the relationship
between dose to the bladder and the risk of acute
toxicity for a large single-institution cohort of patients
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receiving long-course neoadjuvant RT for locally
advanced rectal cancer. Furthermore, we also inves-
tigated clinical factors that may affect this dose-
response.

Material and methods

This study included patients treated at our institu-
tion from January 2007 to May 2012 with long-
course (chemo-)RT for rectal cancer. Patients were
excluded from the analysis if they were treated post-
operatively, were treated for local recurrence of
primarily operated tumors, did not have available
dose or toxicity data, or received fever than 5
fractions of the planned treatment.

Acute urinary toxicity (cystitis by CTCAE v3.0)
was scored prospectively by trained RT nurses dur-
ing the course of the treatment, with at least weekly
evaluation. Grade 1 cystitis is mainly asymptomatic;
grade 2 is defined by increased frequency, dysuria,
or macroscopic hematuria; and grade 3 indicates a
need for IV pain medications, bladder irrigation, or
transfusions. All toxicity scores were retrospectively
compared with treatment charts and notes from the
responsible physicians to ensure the accuracy of the
scoring. The highest toxicity score registered during
treatment was used for subsequent analysis.

Patient characteristics were extracted retrospec-
tively from patient charts. Disease stage, gender, age,
as well as details of chemotherapy, if given, were
recorded. Details of RT treatment, including dose/
fractions prescribed and delivered, were extracted
from the record and verification system in the
radiotherapy clinic and confirmed by chart review.
Treatment technique and positioning (prone/supine)
were verified by individual plan review.

Treatment planning was performed using Oncen-
tra Masterplan (Nucletron, An Elekta Company,
Netherlands). Plans consisted of either 3D confor-
mal (3D-CRT) plans, typically using a three-field
technique with combined 6 MV posterior fields and
lateral 18 MV wedge fields, or intensity-modulated
radiotherapy (IMRT) plans using a five- or seven-
field technique with 6 MV photon beams. Dose
distributions were calculated using a pencil beam
convolution algorithm taking tissue heterogeneity
into account. Three patients were re-planned with
IMRT a few fractions into the treatment; for those
patients a weighted sum of the plans were used for
the study, and the patients were coded as receiving
IMRT. A fraction of the patients received an external
boost to the tumor only using conformal beams
(see Table I); in that case the sum of the external
treatment plans was used. Another fraction of
patients received an intracavitary brachytherapy
boost to the tumor, using an endorectal applicator

Table I. Patient and treatment characteristics.

Clinical disease stage:
- T

T1-2:
T3:
T4:
NO:
NI1:
N2:

ND:
MO:
M1:
ND:

17 (5)
247 (72)
81 (23)
44 (13)
138 (40)
159 (46)
4 (1)
327 (95)
17 (5)

1 (0)

Gender Female: 135 (39)
Male: 210 (61)
67 years (2687 years)

50.4 Gy (27.0-62.0 Gy)

Median age (range)
Median tumor dose primary external

treatment (range)
Median lymph node dose (range)

50.4 Gy (27.0-50.4 Gy)

Sequential external boost dose (38 pts) 6.0 Gy: 29 (8)
10 Gy: 2 (1)
12 Gy: 7 (2)
Intracavitary brachytherapy boost dose 5 Gy: 91 (26)
(137 pts) 10 Gy: 46 (13)
Treatment technique 3D-CRT: 229 (66)
IMRT: 116 (34)
Treatment position Prone: 88 (26)
Supine: 257 (74)
Chemotherapy (285 pts) UFT: 270 (78)
Other: 15 (4)

177 cm? (35-902 cm?)
41.4 Gy (14.1-61.9 Gy)
0.71 (0.00-1.00)

Median bladder volume (range)
Median D, for the bladder (range)
Median relative V35Gy for the bladder

(range)

Acute urinary toxicity
— Grade 0 166 (48)
— Grade 1 138 (40)
— Grade 2 39 (11)
— Grade 3 2 (1)

3D-CRT, 3D conformal radiotherapy; IMRT, intensity-modulated
radiotherapy. Numbers are absolute number of patients, with
percentages of entire cohort (345 patients) in brackets, where
nothing else is indicated.

[9,10]. Dose distributions for organs at risk were not
available for brachytherapy, and hence brachytherapy
dose was included as a separate factor in the analysis
(see modeling details below). Treatment plans for
patients who did not complete the full course of
treatment (typically due to GI toxicity) were altered
to reflect the actual dose delivered. No bladder
preparation protocol was employed.

Bladder delineation was performed by experi-
enced radiation oncologists. The entire bladder,
including both the bladder wall and the urine com-
partment, was delineated as one single structure.
Plans, structure sets and dose distributions were
imported into the Computational Environment
for Radiotherapy Research (CERR) [11], and dose-
volume histograms (DVHs) were extracted. No
correction for the effect of local fraction size was
used in the primary fit; however, see details below for



secondary testing for model sensitivity to fraction-
size correction.

Multivariate ordinal logistic modeling was used
to correlate dose and clinical- or treatment-related
factors to graded toxicity scores. The risk p of
toxicity of grade ¢ or above was given by

_exp(b,; +bD+bY))
1 + eXp(b(),l' + le + b]Y])

ey

=i

where ORjZexp(bj) are ORs for toxicity in patients
with or without clinical variable Yj, and D is a dose
metric. Three DVH reduction methods, each pro-
ducing a single dose metric, were used: Mean dose
(D,,,,)> €quivalent uniform dose (EUD), or relative
organ volume exposed to x Gy or above (dose cut-off
model, V). This allowed for examination of dose-
volume effects for the bladder. Specifically, the EUD
for a dose distribution {v,d;} was calculated as [12]:

1/a
EUD = (z v,»d}’] )

i

where a is a parameter describing the relative impor-
tance of high doses: EUD-D, . for a—1 and
EUD-D,,  for a—~. The following clinical- or
treatment-related variables were considered: Gender,
use of chemotherapy, planning technique (IMRT vs.
3D-CRT) and positioning (prone vs. supine) were
included as binary variables; age and prescribed
brachytherapy boost dose as continuous variables.
Three multivariate ordinal logistic models, each
containing all available clinical variables and a single
dose metric (D, ., EUD or V) were optimized
separately. For the EUD and dose cut-off models, the
DVH reduction method (i.e. the value of a and x
parameters) was optimized as part of the full model
optimization.

Model parameters were estimated using the max-
imum likelihood method. The three models were
compared using the Akaike Information Criterion
(AIC) [13]: AIC=2*k — 2*¥In(L), where k is the
number of parameters in the model, In(L) is the log-
likelihood function, and inclusion of dose-volume
effects, by either a dose cut-off x or the EUD para-
meter a, increased the number of parameters by one.
The preferred model, i.e. the model which provided
the optimal compromise between best fit to data and
least complexity, was taken as the one resulting in
the lowest AIC value. This model was subsequently
refitted with only the clinical variables found to be
significant (as estimated using likelihood ratio tests)
in the full multivariate model. Model calibration was
checked by binning patients into six equally sized risk
groups, based on predicted risk of toxicity, and
plotting mean predicted risk versus mean observed
risk for each group. Goodness-of-fit was examined
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using the Fagerland-Hosmer test [14], with six risk
groups for each response level.

To test model sensitivity to fraction-size effects,
the final model was re-fitted, limiting the fit to
patients with no external boost, and converting all
doses to equieffective dose in 2 Gy fractions, with
o/B=10 Gy, the EQDZWB:IOGy according to the
linear-quadratic model. Dependence of the dose cut-
off on RT technique was examined by comparing fit
quality for a range of dose cut-off values (x) for
patients with IMRT and 3D-CRT treatment plans.
Furthermore, optimal dose cut-offs were found for
IMRT and 3D-CRT, respectively, and the predictive
value for an optimal cut-off found for IMRT on
3D-CRT treatments (and visa versa) were examined
graphically and by Fagerland-Hosmer test statistics.

All statistical analyses were performed in MAT-
LAB® (2010b, The MathWorks Inc, Natick, MA,
USA). Two-sided p-values of 0.05 or less were con-
sidered significant. The 95% confidence intervals
(CI) for fitted parameter values were obtained from
a bootstrapping procedure drawing 10* random
samples with replacement from the original dataset
and estimating the CI as the range from 2.5th to
97.5th percentile of the bootstrap estimates.

Results

A total of 407 patients were treated in the time period
considered, out of which 345 patients were included
in the analysis. See Supplementary Figure 1 (avail-
able online at http://informahealthcare.com/doi/abs/
10.3109/0284186X.2014.923933) for details of
patients excluded from the study. Patient and treat-
ment characteristics can be found in Table I. The
majority of patients were treated with one of two
external beam radiotherapy schedules: Either 50.4
Gy in 28 fractions to both tumor and elective lymph
nodes, or 60 Gy to the tumor and 50 Gy to the lymph
nodes in 30 fractions, using a concomitant boost
technique. Concomitant chemotherapy, adminis-
tered to 285 patients, was primarily peroral UFT
(300 mg/m?) and L-leucovorin (7.5 mg) daily on RT
treatment days. The mean dose to the bladder ranged
from 14 Gy to 62 Gy, with a fairly wide variation in
organ dose distributions (see Supplementary Figure 2,
available online at http://informahealthcare.com/doi/
abs/10.3109/0284186X.2014.923933). Urinary tox-
icity was generally mild; with almost half of the
patients experiencing no toxicity at all, and only 12%
of cases had a score of 2 or higher. Only two patients
experienced grade 3 urinary toxicity, and scores were
consequently binned as grade 0, grade 1, and grade
2 and above.

All tested models demonstrated a significant rela-
tionship between dose to the bladder and toxicity.
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Table II contains the results for model optimization
for each of the three dose-volume metrics. The dose
cut-off model, with x=35 Gy, had the lowest AIC
value, and was hence selected for investigation of the
effect of clinical factors. Figure 1A shows the rela-
tionship between I, and the risk of at least grade
1 or at least grade 2 toxicity (for the sake of illustra-
tion, other risk factors have been disregarded so that
the figure represents the dose-volume only model).
Table IIT provides the parameter values for the
dose cut-off model fit. Only brachytherapy dose
(p=0.02, OR=1.41 per 5 Gy) and male gender
(p=0.006, OR = 1.86) significantly increased the risk
of urinary toxicity, while age (p =0.63, OR=0.95 per
10 years), chemotherapy (p = 0.40, OR =0.76), treat-
ment planning technique (p=0.86, OR=0.95 for
IMRT) and positioning (p =0.11, OR=0.61) had no
significant effect on the dose-response. A reduced
model fit taking only V356y, brachytherapy dose and
gender into account is provided in Table IIT as well.
Figure 1B shows the additional effects of patient- and
treatment-related risk factors, by comparing the
response functions for patients with highest risk (male,
brachytherapy boost) and lowest risk (female, no
brachytherapy boost). In contrast to the model in
Table III, patients were classified as receiving/not
receiving brachytherapy, rather than considering
brachytherapy dose as continuous variable, for clarity.
Model performance for the reduced model (V35Gy,
gender and brachytherapy dose) is illustrated in
Figure 2, comparing predicted and observed toxicity
for increasing levels of predicted risk. The p-value
for goodness-of-fit was 0.71, suggesting good agree-
ment between predicted and observed number of
events. Adjusting for fraction-size effects did not
improve or alter the model: Optimal dose cut-off
was found to be x = 33 Gy when correcting all doses
to equivalent dose in 2 Gy fractions (EQD2) with
o/ =10 Gy, which is almost exactly EQDZa/B= 10Gy
for 35 Gy in 28 fractions. Dependence of the dose
cut-off value on treatment technique turned out to
be strong: Figure 3 demonstrates model fit quality

Table II. Model fit quality for different dose metrics.

Dose metric n(L) k AIC Volume parameter

Mean dose, D, —319.9 9 657.7 -
EUD —319.9 10 659.7 a=1.27 (—8.49-4.12)
Dose cut-of,V, —318.4 10 656.8 x=35.4 Gy (30.241.5 Gy)

Results of ordinal logistic model fits relating dose metrics to the
risk of acute urinary toxicity. All models included 6 clinical
variables (brachytherapy dose, gender, age, chemotherapy,
treatment technique, and treatment position).

AIC, Akaikes Information Criterion; EUD, equivalent uniform
dose; &, total number of parameters in model; /n(L), the natural
logarithm of the likelihood of the model fit. Numbers in brackets
represent 95% confidence intervals for the volume parameters.
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Figure 1. Relationship between relative volume of the bladder
receiving at least 35 Gy (Vsscy) and the risk of grade 1 or above
(thin line, blue) or grade 2 and above (thick line, green) acute
urinary toxicity. Data points represent observed toxicity (with 68%
confidence intervals), fitted lines represent fit to the logistic model
(Equation 1). A) Dose-response taking only the dose metric, and
no additional risk factors, into account. B) Dose-response for
patients with the highest risk (male patients receiving a brachy
therapy boost, dashed line/triangles), and dose-response for
patients with the lowest risk (female, no brachytherapy, full line/
diamonds). The fit to the logistic model takes I/, > gender and
brachytherapy (as a binary variable) into account.

of the IV model for a range of dose levels (x), for
both the full patient cohort and for 3D-CRT and
IMRT treated patients separately. Model fit quality
is estimated by the log likelihood divided by the
number of patients in the model fit, i.e. higher val-
ues indicate better fit to the clinical data. As seen,
the optimal dose cut-off found for patients treated
with 3D-CRT alone is ~50 Gy, while the optimal



Table III. Ordinal logistic model fits for dose cut-off model.

Only significant

Parameter All clinical factors clinical factors
by, —0.62 (—2.47; 1.17) —1.55 (—2.22; —0.86)
by, —2.84 (—4.67; —1.02)  —3.75 (—4.48; —2.99)
b, 1.30 (0.29; 2.25) 1.68 (0.80; 2.49)
bbmchy_doSe 0.069 (0.008; 0.129) 0.061 (0.004; 0.118)
b, 0.62 (0.16; 1.06) 0.60 (0.16; 1.03)
bage —0.005 (—0.026; 0.018) -

B chemo —0.27 (—0.89; 0.39) -

borr —0.05 (—0.56; 0.48) -

b —0.49 (—1.10; 0.08) -

Ordinal logistic model fits for the dose cut-off (V) model. Optimal
fit was found for ~35 Gy cut-off (35.4 Gy, 95% CI 30.2—-41.5, for
model with all factors, and 35.1 Gy, 95% CI 28.6-41.5, for
significant factors only). Numbers indicate parameter values
(Equation 1), numbers in brackets represent 95% confidence
intervals.

cut-off for IMRT patients is ~18 Gy. Figure 4A and
B illustrate the poor performance of a model based
on an optimal cut-off found in one group for pre-
dicting toxicity for patients treated with the alterna-
tive technique. The Fagerland-Hosmer test using
each model on the other group resulted in p <0.001,
indicating clear disagreement between predicted
and observed toxicity. Figure 4C shows an apparent
improvement of the generalizability of the model
based on both treatment techniques (p = 0.49).
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Figure 2. Plot of predicted versus observed toxicity, illustrating the
model calibration. Patients have been grouped by increasing risk,
as predicted by a logistic model including VssGy gender and
brachytherapy dose. Blue diamonds (upper 6 points): Grade 1
and above cystitis. Green diamonds (lower 6 points): Grade 2 and
above cystitis. Lack of calibration is indicated by deviance from
the identity line (dotted line). Error bars show 68% confidence
intervals.
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Figure 3. Model fit quality of V, model for all dose levels (x),
estimated by the log likelihood divided by the number of patients
in the model fit. Higher values indicate better fit to the clinical
data. Black line: All patients in cohort. Dashed, blue line: Patients
treated with 3D conformal (3D-CRT) treatment plans. Dotted,
green line: Patients treated with intensity-modulated radiotherapy
(IMRT) treatment plans.

Discussion

We have presented the results of dose-response mod-
eling for acute urinary toxicity for a large series of
rectal cancer patients treated with long-course
(chemo-)RT. We additionally studied dose-volume
effects for acute urinary toxicity by examining
various DVH reduction methods, and studied
patient- and treatment-related factors influencing
the dose-response estimations. A dose cut-off of ~35
Gy yielded the closest correlation with the observed
toxicity; male gender and brachytherapy boost
increased the risk of side effects.

Dose-volume effects for urinary toxicity have, to
the best of our knowledge, not previously been stud-
ied for rectal cancer patients. In general, studies of
prostate cancer and gynecological cancer patients
have struggled to establish dose-response relation-
ships for the bladder [1,15], but those who have suc-
ceeded predominantly propose volumes exposed to
high doses (> 75 Gy) as the main factor in the devel-
opment of late toxicity [16]. This may, however, be
related to the type of injury (typically focal bladder
injury, rather than global injury) which is observed
and reported in those dose ranges. A few studies of
prostate cancer patients [17,18] have indicated a
relationship between low dose levels (VZOGy_VSOGy)
and acute and late toxicity, while studies of RT for
bladder cancer, where the disease itself may affect
the scoring of toxicity, have shown ~50 Gy to be the
limiting dose range for large bladder volumes [2].
The present study included dose distributions with
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Figure 4. Optimal dose cut-off model for acute toxicity for patients treated with A) intensity-modulated radiotherapy (IMRT, Vwa),

B) 3D conformal radiotherapy (3D-CRT, VSOGy), and C) the total patient cohort (V5

Gy). Figure A) and B) additionally show the observed

response for the other patient group [3D-CRT in A) and IMRT in B)]. Figure C) shows observed response for all patients (solid diamonds:
3D-CRT, empty diamonds: IMRT). Thin, blue lines and diamonds: Risk of grade 1 or above acute cystitis. Thick, green lines and diamonds:
Risk of grade 2 and above acute cystitis. Uncertainty bars indicate 68% confidence levels.

volumes receiving up to 66 Gy, but no influence of
those high dose levels was seen.

Clinical factors may hamper the establishment of
dose-response relationships for normal tissue toxic-
ity, such as the effects of patient- and treatment-
related factors [19]. We found a clear effect of male
gender on the observed levels of toxicity, indepen-
dently of the dose to the bladder. This is in contrast
to Bruheim et al. [6], who found a significantly
increased level of late urinary toxicity in females after
RT for rectal cancer compared to non-irradiated
patients; they did not, however, correct for the actual

dose delivered to the bladder. We found no interac-
tion between gender and brachytherapy dose (data
not shown), hence this is unlikely to explain the
increased levels of acute toxicity observed in males
in our patient cohort.

Inclusion of a brachytherapy boost in the RT regi-
men was also found to increase the risk of acute toxic-
ity. Brachytherapy was included as a treatment-related
variable, rather than as a contributing factor to the total
dose to the bladder. Based on very preliminary experi-
ences from magnetic resonance imaging (MRI)-based
brachytherapy at our institution, a 5 Gy brachytherapy



fraction will contribute on average ~1 Gy to the D,
and ~2 Gy to the hottest 1 cm? of the bladder wall. It
seems unlikely that the observed OR= 1.4 for each 5
Gy brachytherapy dose can be explained purely by this
contribution to the bladder dose. We therefore specu-
late that irradiation of other sensitive structures, such
as the urethra, may play a role.

Up until recently, dose-volume constraints for
organs at risk have been of little relevance for rectal
cancer dose planning, since even standard 3D-CRT
techniques allow for very limited optimization of
dose to normal tissue. The introduction of IMRT
[20] and similar modern techniques offers possibili-
ties to alter the distribution of dose in the normal
tissue [7]. This may prove to be of additional rele-
vance if dose intensification [21] or adaptive treat-
ments [22] are to be attempted. Our patient cohort
had predicted incidences of grade 2 and above toxic-
ity ranging from <5% up to >20%, which suggests
that there could be room for more individual
optimization of the planned dose to organs at risk.
The modeling results indicate that this could be
achieved by minimizing the relative V3’SGy to the
bladder, potentially with dose constraints stratified
for clinical risk groups.

It is worth noting, however, that the current study
questions the generalizability of optimization con-
straints for IMRT based on data from patient popu-
lations treated with more traditional techniques. This
is in line with the findings of studies in head and neck
cancer [23] and lung cancer [24]. As demonstrated
in Figure 4A and B, dose cut-offs from 3D-CRT only
are not necessarily applicable for IMRT treatments
(and visa versa) in our patient cohorts. A larger
variation in planning techniques and resulting dose
distributions in a dataset allows for better model
optimization as well as results that appear more
generalizable (Figure 4C). [Note, however, that
Figure 4A and B represent true independent
validation sets, whereas the patient population (i.e.
the data points) in Figure 4C is also the one used in
the optimization of the depicted model.] The
observed differences between models optimized for
3D-CRT and for IMRT may be due to strong cor-
relations between high and intermediate dose levels
for the 3D-CRT treatments (which complicates
model optimization). Alternatively, the observations
could possibly reflect differences in the interaction
between dose distributions and variations in bladder
filling and positioning during treatment for the two
planning techniques. Thus the results may indicate
that the reduction of 3D dose distributions to DVHs,
which is performed in almost all studies, is in itself
problematic.

In the same vein, the difficulty in establishing dose-
response models for urinary toxicity [1] has partly
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been attributed to the doses derived from the planning
computed tomography (CT) scan not being represen-
tative for actual dose delivered during the treatment
course due to inter- and intra-fraction bladder motion
and variation in filling [15]. The present study only
considered dose to the bladder as estimated from the
planning CT scan. While this is probably a limitation
of the ability to accurately understand the dose-
response, it will likely reflect the information available
at the time of treatment planning in routine clinical
practice for many years to come.

Acute toxicity is usually manageable and self-
limiting, and the clinical relevance of dose con-
straints based on acute, low grade urinary toxicity
might not be obvious. However, strong correlations
have been observed between early and late urinary
toxicity, at least in part due to consequential late
effects [18,25,26]. Thus examination of acute uri-
nary toxicity may be valuable in providing insight
into the factors affecting the organ response to
radiation, such as dose-volume effects and the
impact of patient- and treatment-related factors.
This approach may be even more relevant for rectal
cancer patients, where the intervening surgery
masks observation and scoring of late complica-
tions [27]. From a research perspective, attempting
validation of early urinary toxicity as a surrogate
marker for late bladder side effects should be con-
sidered in series of rectal cancer patients with reli-
able late toxicity data. Additionally, the impact of
treatment-induced urinary toxicity on patient-
reported quality of life needs closer study in rectal
cancer patient cohorts.

In conclusion, we have demonstrated a significant
dose-volume relationship for acute urinary toxicity;
among the dose-volume metrics considered the best
fit was provided by a V35Gy dose cut-off model. The
results are based on a large patient cohort (345
patients), with a good variation in dose distributions
to the bladder (including doses > 60 Gy) and with
careful toxicity scoring. While the findings should be
validated in a prospectively collected, independent
cohort — where also the dose-response for late toxic-
ity should be examined — the results represent the
current best data for urinary toxicity dose-volume
dependence for this patient group. The wide varia-
tion in predicted toxicity in our patient cohort leaves
ample room for more individualized risk prediction
and treatment optimization.
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