A new voxel principal component analysis for predicting and spatially
characterizing rectal toxicity following prostate cancer radiotherapy
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Résumé — En radiothérapie du cancer de la prostate, il existe une corrélation entre la distribution de dose et I’apparition d’événements de
toxicité suite au traitement. La plupart des méthodes actuelles portant sur la prédiction des événements de toxicité sont basées sur I’histogramme
dose-volume. Cependant, ces méthodes ne sont pas en mesure d’établir une corrélation entre 1’apparition d’évenements secondaires et de la
distribution de dose 3D au niveau voxel. Dans ce travail, basé sur la distribution de dose 3D compléte, une analyse en composantes principales
a été effectuée pour prédire 1’apparition d’effets secondaires et pour mettre en évidence des zones sur-irradiées en corrélation avec I’apparition
de saignement rectal suite au traitement. Nous avons cherché a identifier, a partir de la distribution de dose 3D, deux bases (caractérisant
respectivement les patients avec et sans saignement rectal) en utilisant 1’analyse en composantes principales. Nous avons réalisé la prédiction
en évaluant une nouvelle variable prédictive calculée en mesurant la distance entre la distribution de dose d’un nouvel individu et les deux
sous-espaces représentés par les bases. La méthode, appliquée a une base de données de 118 patients (traités par radiothérapie externe), a été
comparée a une récente approche basée sur une analyse en composantes principales des pas de dose, obtient de bon résultat (AUC=0.87).

Abstract — In prostate cancer radiotherapy, understanding the correlation between the dose distribution and the occurrence of undesirable side-
effects is crucial to correlate the treatment outcome with the planning parameters. Most of the current methods addressing the prediction of the
toxicity events are based on dose volume histogram. However, these methods are not able to correlate the toxicity and the spatial dose distribution
at the voxel level. Using the whole 3D planned dose distribution, a principal component analysis based approach was performed to predict late
rectal toxicity and to construct a dose pattern characterizing the difference between patients with rectal bleeding and those without. After a non-
rigid registration, the method aimed at identifying, from 3D dose distribution, two basis (characterizing patients with/without rectal bleeding).
The prediction was performed by evaluating a new variable computed by measuring the distance of a new individual 3D dose distribution to both
subspaces spanned by the bases. The method, applied to a total of 118 patients treated for prostate cancer radiotherapy and compared with a
recent principal component analysis approach based only on the DVH, showed good performance (AUC=0.87) and suggested that the method is
able to establish the correlation between dose and toxicity outcomes.

1 Introduction Buettner et al. [2,3] proposed the use of the three-dimensional
(3D) planned dose distribution addressing the issue of spatial
information loss. In [2], a classification approach based on lo-

The main challenge in prostate cancer radiotherapy (PCRT) cally connected neural network using a two-dimensional dose-
is to deliver the prescribed dose to the clinical target volume  gyrface maps was performed. In [3], a parameterized represen-

(prostate and seminal vesicles) while minimizing the dose 0 tation of the dose to describe its geometrical properties was

the neighboring organs at risk (the rectum and the bladder)  proposed. Nevertheless, in these methods, the voxel across the

thus avoiding subsequent toxicity-related events. Several stu-  whole population information was not jointly exploited. Perfor-
dies have been proposed to assess the risk of toxicity accor-  ming classification by simultaneously exploiting the 3D signal
ding to the dose : the normal tissue complication probability  across a population is challenging because the inter-individual
(NTCP) models. On of the most used NTCP model were propo-  anatomical variability leads to a misalignment of information.

sed by Lyman in the context of uniform radiation therapy, and  To cope with this issue, non-rigid registration methods can be
subsequently adapted to 3D-conformal radiation [13]. These  ysed to map all the data to a common coordinate system where

models operate in two different steps: 1) dose volume histo-  yoxel analysis is meaningful in terms of spatial localization [6].
gram (DVH') re;ductmn; and 2) proba.blhty-mappmg. In [15],  Following this idea, previous classification approaches exploi-
based on principal component analysis (PCA), the most rele-  ting the 3D signal across a given population have been propo-

vant DVH bins are extracted and used to prec}igt late toxi.c.ity. sed. For instance, Principal Component Analysis (PCA) was
These methods do not perform a formal prediction exploiting  ysed by Fripp ef al. [10] to discriminate Alzheimer’s disease

the spatial characteristics of the dose distributions since they  and normal elderly control participants. With the same objec-
considered the organs as having homogeneous radio-sensitivity.



tive, Higdon et al. [11] performed a comparison of different
classification methods (logistic regression, Linear Discriminant
Analysis (LDA) and quadratic discriminant analysis). In the
context of rectal bleeding after PCRT, we proposed in [7] to
use PCA to analyze non-rigidly registered dose distributions.
We identified one basis of orthogonal vectors from 3D dose
distributions of the whole database (patients with and without
rectal bleeding) allowing for classification. In the same context,
we previously proposed in [4, 8] to identify, from 3D dose dis-
tribution, two basis (characterizing patients with and without
rectal bleeding) using novel methods based on a deterministic
multi-way analysis and a semi-nonnegative independent com-
ponent analysis, respectively. Thus, the classification was per-
formed by measuring the distance of a new individual 3D dose
distribution to both subspaces spanned by the bases.

We proposed, in this paper, a novel voxel-based PCA me-
thod to predict late rectal toxicity and to construct a dose pat-
tern that spatially characterizes the difference between patients
with and without rectal bleeding. This procedure aimed at com-
puting two bases of vectors from 3D planned dose distribution
(3DpDD) of patients with and without rectal bleeding, respec-
tively. A predictive parameter was then calculated using its dis-
tances to the subspaces spanned by both bases. The method,
tested on real clinical data, outperformed a recent PCA ap-
proach based only on the DVH [15].

2 Materials and method

Materials and preprocessing step
A total of 118 patients treated for localized prostate cancer
with intensity-modulated radiation therapy (IMRT) were in-
cluded in the study. The used treatment planning system was
Pinnacle V7.4 (Philips Medical System, Madison, WI). The
total prescribed dose was 46 Gy to the seminal vesicles deli-
vered in 4.6 weeks, and 80 Gy to the prostate delivered in 8
weeks, with a standard fractionation of 2 Gy per fraction. The
patient positioning, CT acquisition, volume delineations and
dose constraints complied with GETUG 06 recommendations
as described in [1]. For the rectal wall, the constraints were:
the maximum dose in 1.8cm? had to be lower than 76Gy and
a V72 Gy (volume receiving at least 72Gy) lower than 25%.
Rectal toxicity events were prospectively collected and scored
according to the Common Terminology Criteria for Adverse
Events (CTCAE) version 3.0. The events were defined as rectal
bleeding (> Grade 1), at least one episode occurring between
6 months and 2 years after RT. Patients with a history of he-
morrhoids were not allowed to be scored as Grade 1 bleeding.
A total of 31 patients presented at least a Grade 1 late rectal
bleeding event. For each patient, the planning data were avai-
lable: the planning CT, the manual delineation of the organs
and planned dose distribution.

The rectum of each patient has been described using both
the Euclidean distance maps outside the rectum and the La-
placian scalar fields inside the rectum computed for each pa-
tient [12, 14]. rectal descriptors map were non-rigidly registe-
red using the demons algorithm, towards a selected template
to be used as the common coordinate system. This typical se-
lected individual maximized a similarity criterion which is the

sum of squared differences computed after rigid registration.
For each patient, a (N7 x Ny x N3) 3DpDD (inside the rec-
tum) is vectorized to obtain an (N x M ™) matrix X®) for
patients with rectal bleeding and an (N x M ()) matrix X(?)
for those without rectal bleeding, where N = N; x N3 x Nj re-
presents the number of voxels, and M (1) and M) the number
of individuals with and without rectal bleeding, respectively.

A PCA-based subspace identification
This section presents the statistical analysis used to estimate the
vector bases A1) and A2 , that characterize patients with and
without rectal bleeding, respectively. In the sequel, we present
the algorithm in the general case, namely to estimate the base
A whateveri € {1,2}. Let X(*) be the vertorized 3DpDD of
patients of the i*” group. Assume that each individual’s 3DpDD,
xO[m] = [2[m], ..., 28 [m]]7. is one realization of a N-
dimensional random process {x(")[m]}. x()[m] is modeled as

a linear combination of a basis vectors (agl)7 .. ,agzi)) and

its coordinates, s()[m] = [sgl) [m], ..., ngn [m]]T. Thus, the
problem we tackle can be formulated as a blind source sepa-
ration one: given a real random vector process x(9)[m], find a
(N x R®) matrix A and a R(")-dimensional random process
s(9[m), such that for each index m: x[m] = A@s®[m]. In
addition, the coordinate of x(*)[m] on basis A() are decorre-
lated. So the vector basis A (%) can be estimated using a princi-
pal component analysis. PCA is one of the oldest andg)opular
technique in data analysis. Typically, the PCA of x()[m] =

[xgi) [m], ... ,x%) [m]]T consists in looking to an overdetermi-
ned (N(i) X R(i)) (i.e R < N®)y orthonormal linear trans-
form W (¥) such that the R(*) components of the vector s(*) [m] =

(1) (1)
[81 [m], e 7_83(7;) :
matrices W@ are estimated, the vector basis A (9 are calcula-

ted as the pseudo-inverse of W (%),

[m]]T are mutually uncorrelated. Once the

Feature selection and predictive parameter identification
Using a training database, the PCA was used to identify two

vector bases A1) = [agl), o ,ag()l)] and A® = [a?), ce
ag()Q)}, A(i), spanning two vector subspaces, AWM and .A(Q),

that characterize patients with and without rectal bleeding, res-
pectively. The key question was: how to select the most in-
formative features of A(i), that better discriminates the two
classes, namely the rectal and non-rectal bleeding groups. In
this study, to choose of the optimal couple (a(();)t, ag,)t) of fea-
tures, we proposed to use the correlation ratio criterion. For
this criterion, the optimal features are selected by minimizing
the ratio between the correlation within each group and the cor-
relation between the two groups. Thus, using the validation da-
tabase, the vectorized 3D dose distribution g of a new patient is

orthogonally projected onto the two selected subspaces Af,‘gf

The orthogonal matrix projector Ai\f,;’t on subspace Affp)t

can then be computed as follows:

i) ()T
vie{1,2}, AL, =al)al), M
opt

Consequently, the euclidean distances between g and its ortho-
gonal projection were computed by:



vie {12}, dPAR) =g~ A0l @
where ||.|| is the euclidean norm operator. Finally, a new
distance-based parameter, denoted vg, was computed as fol-
lows: M), (D)
- 1 _ dg ('Aopt) (3)
9 1 1 2 2
2 d) (AL + 5 (AG)

It was interesting to note that this step was performed by
the euclidean norm and did not require any evolutive classifi-
cation method. Because of the reduced number of patients in
our database (especially those suffering from rectal bleeding),
a leave-one-out cross validation was performed to evaluate the
proposed approach. A 3D individual planned dose distribution
was extracted (validation step) and our approach was applied to
the remaining 3DpDD (training step). This was repeated such
that each patient was used as a test sample.

Assessment of the predicted capabilities
In order to assess the predictive capabilities of the distance-
based parameter vg for each patient, the receiving operator cha-
racteristic (ROC) curve was used on these parameters. The area
under the curve (AUC) was used as a measure of the perfor-
mance of the proposed model, as previously described [9]. We
also used standard logistic regression of the following ratio vg
for each patient to estimate the risk of toxicity, in order to assert
that our parameter is statistically-significant.

Spatial characterization
(@)

Eventually, we can wonder if the selected basis vectors a,,,;
computed by PCA could highlight region correlated with rectal
bleeding. To do so, we first reconstructed the 3DpDD of all the

patients using only the optimal features (a(();)t, agi)t). Then, the
mean normalized differences between the two groups, in the

rectum, was calculated.

3 Results and discussions

Figure 1 shows the ROC curves and the respective AUC of
the different models used to predict 2-years Grade> 1 rectal
bleeding, using a leave-one-out cross-validation scheme. Our
approach obtained an AUC of 0.87 and a significant p-value,
p= 4.1417°, when using an univariate analysis on the follo-
wing distance-based parameter, vg, for each patient. These re-
sults are higher than the one obtained using the PCA approach
based only on the DVH proposed by Sohn et al [15]. For this
method, the correlation with toxicity of the first three princi-
pal components (PC) computed using DVH as single variables
was investigated. According to this analysis, 1st PC and 3rd
PC were the only variable significantly associated with rectal
bleeding (p = 0.03 and p = 0.02, respectively). Although, the
predictive capabilities of multivariate logistic regression using
both 1st and 3rd PCS was not significantly correlated with the
toxicity events (p = 0.72). Even if the obtained results are pro-
mising in terms of performance, they shall be confirmed with
larger cohorts. Besides, future work will be focused on the in-
clusion of clinical factors in our classification procedure in or-
der to increase the efficiency of the proposed method. For a

thorough evaluation, our work will also compare the approach
with NTCP model. One of the issue for this comparison to be
carried out lies in the need of large cohorts to estimate the po-
pulation specific parameters, witch is not the case on this study.
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FIGURE 1 — ROC and AUC to predict 2-year grade>1 rectal
bleeding using the proposed PCA approach and PCA based on
DVH proposed by Sohn ez al. [15].

Regarding the spatial characterization, figure 2 depicts a sa-
gittal slice of the 3-dimensional mean normalized differences,
in the rectum, between the mean reconstructed 3DpDD of the

two groups (using the two selected subspaces Afjgt). For a sake
of clarity, the overlaid prostate and rectum of the template pa-
tient in the sagittal plane were added. The dominant pattern
observed with PCA approach is in agreement with the results
given in [16] which revealed associations between bowel qua-
lity of life and inferior rectal dose that could significantly in-
fluence radiation planning and prognostic models. Obviously,
all these observations should be confirmed with a deeper sta-
tistical analysis based on a larger database which will be the
object of forthcoming work. Identifying such spatial patterns is
crucial if we aim at guiding the planning of dose distribution
for patients, mainly at the inverse planning systems of IMRT.

4 Conclusion

This study focused on the analysis of 3D registered plan-
ned dose distributions across a population to predict the risk
for a patient of suffering from rectal bleeding after prostate ra-
diotherapy. The originality of the proposed PCA approach is
its jointly exploits the 3D spatial patterns of dose. Representa-
tive features are extracted and spatial characterization of region
correlated with rectal bleeding by a correlation ratio criteria. A
distance-based predictive parameter is derived by comparing
two Euclidean distances. We also reconstructed the 3DpDD
of all the patients using only the optimal features. The obtai-
ned results suggest that spatial patterns representative of the



FIGURE 2 — Identification of a region where rectal bleeding
would be related to the received dose: normalized mean diffe-
rences between the two groups.

rectal bleeding group may be identified. The obtained results
shed some light on the difficult problem of understanding dose-
toxicity relationships. Thus, the PCA parameters emerges as a
promising predictive variable for prediction in toxicity studies
after prostate cancer radiotherapy.
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