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Abstract. Intensity Modulated Radiotherapy (IMRT) allows delivering of highly
conformal dose to complex targets, implying nevertheless the choice of optimal
constraints for the organs at risk (OAR) with the aim of reducing toxicity. To
estimate the risk of toxicity, current predictive models stand on the dose-volume
histograms (DVH) whose main drawback is the lack of spatial accuracy as they
consider the organs as a whole volume and thus ignore the heterogeneous intra-
organ radio-sensitivity. A framework for finding relationships between local dose
and toxicity is proposed here. In this approach, the planned dose distributions
are registered together on a common coordinate system and compared across a
population at a voxel level, thereby allowing the highlighting of 3D anatomi-
cal patterns which may be in part responsible of toxicity. We demonstrated here
the value of the approach by explaining rectal toxicity in prostate cancer radio-
therapy (PCRT). 116 patients with 31 month median follow-up were considered.
They received a total dose of 80 Gy in the prostate by IMRT. When analyzing
rectal toxicity, significant difference of dose was found in large regions within
the anterior wall close to the prostate (1cm). This promising voxel-wise approach
allowed the highlighting of regions that may be involved in rectal toxicity.

1 Introduction

Radiation therapy (RT) is a commonly prescribed treatment for people diagnosed with
prostate cancer which has proven to be efficient for tumor control. Several strategies
have been recently developed to increase local control, particularly by increasing the
dose of radiation demonstrating a close dose-effect relationship [1,2]. However, in
prostate cancer radiotherapy (PCRT), rectal and urinary toxicity occurrences, that are
frequent with standard prescribed doses (70 Gy), may increase for higher doses. With
the precision of the accelerators steadily growing (ARC-Therapy, cyberknife), the pos-
sibilities for achieving better control by increasing the dose are available but at the
expense of the risk of toxicity if efficient adaptive plannings allowing the inclusion of
accurate predictive models are not devised.

The prediction of complications as a consequence of the irradiation has been largely
treated in the literature [3] [4]. These predictions are commonly based on the planned



dose distribution using the dose-volume histograms (DVH) [5] within radiobiological
Normal Tissue Complication Probability (NTCP) models [6,7,8]. NTCP models were
proposed in the early 1980s to estimate the risk of toxicity, based on the dose distribu-
tion and the irradiated volume of the structures at risk. Different studies have shown a
correlation between dose, volume and rectal toxicity [9,10,11,12,13,14]. However, cur-
rent DVH-based models for prediction of toxicity exhibit many limitations. Firstly, they
do not implicitly integrate individual’s specificities (such as the medical history, ...) and
concomitant treatments (chemotherapy, androgen deprivation), which may differ across
a population. Secondly, they lack spatial accuracy since they are not able to correlate
the treatment outcome with spatial patterns of dose thereby considering homogeneous
radiosensitive organs. Indeed, the subtle correlation that may exist between local dose
and toxicity may not be detected if the rich three-dimensional dose distribution is re-
duced and represented as a DVH. The waste may be even worse when the DVH is
reduced to a single value such as the effective dose (Deff ) or the Equivalent Uniform
Dose (EUD), which has also proved to be correlated with the risk of toxicity [15,14].
A tri-dimensional cartography depicting sub-regions presenting higher risk of damage
will help to define more accurate organ constraints in terms of local dose.

The notion of spatiality and local dose related with toxicity has been raised in pre-
vious works [16] either with a parametric description of the dose distribution [17] [18]
or within a voxel-based approach [19] however very approximative in terms of both
anatomical matching and therefore dose mapping. In this particular work we are ad-
dressing the question of producing a 3D cartography (a set of parameters Φ(x), x ∈
3D), which may explain the local dose-toxicity relationships from a voxel-based popu-
lation analysis. The framework as depicted in fig 1 lies on non-rigid registration.

The particularity here is to take full advantage of the 3D dose distributions thereby
explaining toxicity at a local level through voxel-wise comparisons. We use a non-rigid
registration strategy which allows the inter-individual mapping of doses in a single coor-
dinate system. This approach advantageously exploits information available at the plan-
ning, namely the 3D anatomical data, 3D organ delineations and TPS planned doses. It
stands on a non-rigid registration scheme which combines organs delineations with CT
scans in order to achieve a better organ matching across all the individuals.
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Fig. 1. 3D population-based approach. It includes inter-individual non-rigid registration for dose
mapping before population comparisons.



2 Materials and Methods

The main steps of the method are depicted in figure 2. i) The inter-individual CT and
contour delineations are non-rigidly registered towards a single template (common co-
ordinate system), ii) the planned doses distributions are mapped towards the template by
applying the computed transformations and iii) a voxel-wise comparison of the mapped
doses is performed in the common coordinate system (in this work, two sampled t-
tests). The output is a 3D map highlighting voxels where the differences are significant
between two groups.

2.1 Data

116 individuals treated for prostate cancer with IMRT and a three-year follow-up were
selected. The patients underwent a planning CT scan before the treatment. The size of
the images in the axial plane was 512*512 pixels with 1 mm resolution 2-mm thick
slices. For each patient, the bladder, rectum, prostate and seminal vesicles (SV) were
manually contoured by the same expert. For each patient, the prescribed dose was com-
puted in a standard Treatment Planning System (TPS) step and then resampled into the
CT native space. The patients received a total dose of 80 Gy in the prostate. 2nd year-
rectal toxicity was included in the analysis using the SOMALENT classification and
bleeding scoring (at least 1 episode).

2.2 Registration

In order for the voxel-wise comparisons to be meaningful in terms of dose-effect rela-
tionships, anatomical correspondences across the population were previously computed
through non-rigid registrations and dose mappings of all individuals towards a single
template.
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Fig. 2. Dose mapping using a non-rigid registration (NRR) approach.



Registering inter-individual CTs is particularly challenging because of the poor soft-
tissue contrast, the large inter-individual variability and the filling differences of the
bladder and the rectum [20]. In this context, it has been shown that a pure intensity-
based registration is not accurate as required in population analysis and may lead to
local errors [21]. If all the complementary knowledge about the individuals’ anatomy
is used, the performance of the registration would considerably improve. To this end,
we developed an organ-driven non-rigid registration strategy which yields an accurate
matching between organs in the common coordinate system (CS). In this study, the
template was selected as a representative individual.

16
Native CS

Template-CT 

Common CS

Individual’s 
CT-Scan

Hybrid CT-NDMAPHybrid CT-NDMAP

Organ 
delineations

NRR

Organs Organs

T

NDMAPS

Fig. 3. Hybrid Non-rigid registration (NRR) approach bringing 3D doses from their native Co-
ordinate System (CS) towards the Common CS. After organ delineation, Normalized Distance
Maps (NDMAPS) are computed and combined with the CT scan to be registered. The result is
the transformation used to fartherly map the dose.

The methodology exploits both the CT scans and the organ delineations as depicted
in fig. 3. Thus, normalized Distance Maps (NDMAPS) for each of manually-segmented
organs (prostate, bladder and rectum) were obtained as follows: For each individual’s
organ, i) an euclidean distance map was computed, ii) the distance maps of both the indi-
vidual and the template were multiplied by the maximum distance of the template’s and
the individual’s maps, respectively. Those maps replaced the corresponding individual’s
organs within the CT scan yielding a new hybrid image where the organs appear clearly
defined. Finally, the diffeomorphic demons algorithm [22] was applied to register those
images towards the template.

2.3 Voxel-based Analysis

According to predefined inclusion criteria, comparisons between non-toxic individuals
and individuals with different toxicity scores were performed. For each comparison,
two-sampled t-tests at a voxel-basis, produced 3D maps for both the dose differences
and the p-values. Voxels where the differences were significant between the groups (p-
values < 0.01) were characterized in terms of: absolute volume, mean dose difference
and their localization in the rectum, namely the distance of the region to the prostate
and the seminal vesicles surfaces as shown in Fig 3.



3 Validation and Results

3.1 Registration

To assess the quality of the registration, the Dice Similarity Coefficient defined as
DSC = 2

(
SC∩SR

|SC |+|SR|

)
was computed between each individual’s registered rectum and

the corresponding organ in the common coordinate system. 30 individuals were ran-
domly selected from the data base and leave-one-out cross validation was performed
thereby obtaining averaged DSC. Results were compared with different intensity regis-
tration strategies [23,24,22]as illustrated in Fig. 4 illustrates the results.

Fig. 4. Dice score comparisons between different intensity-based registration strategies and the
hybrid approach used in this paper. The different strategies result from a combination of Rigid,
Affine [23], Free Form Deformation (FFD) [24] and Demons [22] non-rigid registration.

Considering the whole population (116 patients), the median dice score was 0.75
±0.12 for the rectum and 0.92 ±0.13 for the bladder. Fig. 5 depicts an example of
the dose mapping from the native coordinate system to the common coordinate sys-
tem (template) through the different steps of this method.(fig. 5(a)), individual’s CT,
(fig. 5(b)) manual segmentations on the template (fig. 5(c)) individual’s planned dose
distribution and (fig. 5(d)) mapped dose distributions in the template CS.
3.2 Voxel-based comparisons

The statistical analysis was conducted only on the properly registered patients (Dice
score ≥ 0.7), leading to the inclusion of 74 patients for the rectal toxicity analysis.
Median follow-up was 31 months (6 to 64). Grade 1 and 2 rectal acute toxicity rates
were 26% and 4% respectively. Two year rectal toxicity (> grade 2) and bleeding rates
were: 9% (95% CI: 3-14) and 20% (95% CI: 12-27). As shown in table 1 significant
differences of dose were found in large regions. More than 90% of them were within
the first 1cm (anterior wall). These results suggest that rectal bleeding is more related
with higher dose in regions close to the prostate. The more sensitive area seems to be
between 10 and 15mm. fig. 6



(a) Individual’s CT (b) Template

(d) Individual’s dose (e) Dose warped to the template

Fig. 5. 3D Dose mapping through an organ-driven non-rigid registration methodology. (a) A
typical individual’s CT; (b) Manually Segmented organs on the template; (c) Individual’s TPS
planned dose in the native CS; (d) Dose mapped to the template CS.

Significant (p<0.01) voxel characteristics Rectal Bleeding Grade 2 rectal toxicity
voxel characteristics (2 years) (2years)

Absolute Volume(mm3) 1555.07 (4.45%) 2913.02 (8.33%)
Dose Difference 8.06 10.16

Distribution (%) of the voxels 5mm 16.02 6.35Gy 48.87 10.33Gy
by the distance of the voxel 10mm 96.65 7.98Gy 94.27 10.21Gy
from the prostate 15mm 99.65 8.05Gy 94.64 10.22Gy
and the seminal vesicles 20mm 100 8.06Gy 94.64 10.22Gy

30mm 100 8.06Gy 94.64 10.22Gy
Table 1. voxel-wise comparison: characterization in terms of absolute volume, mean dose dif-
ference and localization in the rectum, defined as the distance to the prostate and the seminal
vesicles surfaces.

4 Discussion and conclusion

We proposed in this paper a methodological framework based on non-rigid registration
aimed at determining the local dose-effect relationship in PCRT, thereby helping to
unravel the heterogeneous intra-organ radio-sensitivity to predict toxicity. Further work
considers the inclusion of individuals clinical variables that may also be involved in
toxicity (age, concomitant treatments, etc). Another issue to take into account is the
differences between the planned and delivered doses, as during the treatment the organs
at risk may deform or displace with respect to the initial conditions at the planning step.

To a large extent, determining the heterogeneous intra-organ sensitivity across a
population, combined with patient-specific information in an inverse IMRT planning
will allow to produce a personalized treatment with high local control and reduced tox-
icity. This general framework may be extended in order to adapt the ongoing treatment
and thereby take into account not only data from a model but also integrate the dynamic
individual’s specificities (i.e. tumour response, anatomical modifications) as depicted



(a) (b)

Fig. 6. Results of voxel-wise analysis in the template: regions where the difference in dose are
significant (p-values < 0.01) for rectal bleeding at 2 years (a) and rectal toxicity at 2 years (b).

in fig. 7. In this framework for adaptive radiotherapy, the set of parametres Φ extracted
from population data may be then combined with the individual’s parameters φp(t),
which may change during the treatment (t) in order to adapt the therapy.
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Fig. 7. General Adaptive Inverse Planning considering population data and dynamic individual’s
specificities (φp(t)=anatomical modifications, tumor response).
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