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Abstract—The radiation therapy decision-making is a complex procedure. Each factor has a different degree of importance in
process that has to take into consideration a variety of interrelated  determining (or influencing) the dose and all factors together
functions. Many fuzzy factors that must be considered in the cal- determine the success of the therapy [1].

culation of the appropriate dose increase the complexity of the de- .
cision-making problem. A novel approach introduces fuzzy cogni- | A good number Of.approaCheS and methodologies, algo-
tive maps (FCMs) as the computational modeling method, which fithms, and mathematical tools have been proposed and used
tackles the complexity and allows the analysis and simulation of the for optimizing radiation therapy treatment plans [2], [3]. Dose
clinical radiation procedure. Specifically this approach is used to calculation algorithms [4], [5], dose-volume feasibility search
determine the success of radiation therapy process estimating the algorithms [6], and biological objective algorithms have been

final dose delivered to the target volume, based on the soft com- " I. S
puting technique of FCMs. Furthermore a two-level integrated hi- utilized [7] and dose distributions have been calculated for the

erarchical structure is proposed to supervise and evaluate the ra- treatment planning systems, satisfying objective criteria and
diotherapy process prior to treatment execution. The supervisor dose-volume constraints [3]. Algorithms have been proposed
determines the treatment variables of cancer therapy and the ac- for optimizing beam weights and beam directions [8]. More-
ceptance level of final radiation dose to the target volume. Two over, steepest-descent methods and gradient-descent methods

clinical case studies are used to test the proposed methodology andh b dt timize th biective functi based
evaluate the simulation results. The usefulness of this two-level hi- 'aV€ De€en USed 1o optimiz€ the objective funclions, base

erarchical structure discussed and future research directions are On biological or physical indices, and have been employed
suggested for the clinical use of this methodology. for optimizing intensity distributions [9], [10]. Dose-volume

Index Terms—Decision making, fuzzy cognitive maps, hierar- his_tog_rams analyses _of the resultant dose distributions appear
chical intelligent systems, modeling, radiation therapy. to indicate some merit to these approaches [11]. Furthermore,
knowledge-based expert systems and neural networks have
been proposed for the optimization of treatment variables
and decision support during radiotherapy planning [12], [13].

ADIATION oncology is the clinical and scientific en- Scientists have put much effort into developing the above

deavor to cure patients with cancer (malignant neoplasigpproaches to optimize treatment variables and dose distribu-
and other diseases) using ionizing radiation and to investigéiens. This fact makes apparent the need for a fast, flexible,
the biological and physical basis of radiation therapy. Traccurate, and adaptive tool, based on an abstract cognitive
aim of radiation therapy is to deliver a precisely calculategaodel, which will be used for the clinical practice simulation
dose of radiation to a defined tumor volume with as minima&nd decision-making [14].
damage as possible to the surrounding healthy tissue, resultinghe number, kind, and nature of the parameters-factors that
in eradication of the tumor, that means high quality of life, anave to be taken into consideration in determining the radiation
prolongation of survival at a reasonable cost. treatment bring up the fuzziness, the complexity and the uncer-

The clinical use of irradiation is a complex process that itainty of the whole procedure. These characteristics require the
volves many professionals and a variety of interrelated functiouse of soft computing modeling techniques such as FCMs [15]
and procedures. For determining the treatment of a patient, ith&t create a sophisticated approach for decision-making in Ra-
necessary to know how this tumour will be destroyed and hagiation Therapy.
the surrounding healthy tissue is likely to be adversely affectedFCMs incorporate artificial neural networks and fuzzy logic
by the applied radiation dose. Different factors some of whidh create a dynamic model for estimating the final dose received
are complementary, others similar and others conflicting, &g the target volume and normal tissues and contributes to the
taken into consideration when deciding the radiation treatmestccess of the whole therapy. FCMs have been successfully used

to model complex systems that involve different factors, states,
variables, and events. FCMs can integrate and include, in a deci-
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with the uppermost goal of radiation therapy treatment [1], [17&xperts that know the system and its behavior under different
[18]. circumstances [19], [20].

The result of this research work is a decision model basedThe human knowledge and experience on the system is re-
on human knowledge and experience, consisting of a two-levielcted on the kind and the number of concepts and the weight of
hierarchical structure with a FCM in each level that createélse interconnections between concepts of the FCM. Each con-
an Advanced Decision-Making System. The lower-level FCMept represents one of the key-factors of the modeled system
models the treatment planning, taking into consideration ahd is characterized by a valug. Between concepts there are
the factors and treatment variables and their influence. Thause and effect relationships that are illustrated in the FCM
upper-level FCM models the procedure of the treatment exgraph with the weighted arg; ;. The value oiv;; indicates how
cution and calculates the final dose during radiation treatmestrongly concep; influences concepf’;. The sign ofw;; in-

The upper-level FCM supervises and evaluates the whaleates whether the relationship between conc€ptndC; is
radiation therapy process. Thus the proposed two-level intlirect or inverse. The direction of causality indicates whether
grated structure for supervising the procedure before treatmeahceptC; causes conceyst;, or vice versa. These parameters
execution seems a rather realistic approach to the complewve to be considered when assigning a weightto an inter-
decision making process in radiation therapy. connection. Thus there will be three types of weights between

The proposed method can help radiotherapists and physincepts: either expresses positive causality between two con-
cists to select different treatment variables-factors. With thipts(w;; > 0) or negative causalityw;; < 0) or no relation-
advanced decision-making system, they can simulate a gabdp (w;; = 0).
number of different treatment planning procedures taking in Every conceptinthe FCM has a value that expresses the quan-
consideration many different fuzzy factors and so to decidetify of the corresponding physical quality for which this concept
their selection is acceptable or nonacceptable for the spec#tands for. The valud; for each concept’; at timet + 1 is in-
treatment case. It is emphasized here that it is not the aim of tfiienced by the interconnected concepts and is calculated by the
study to find the best treatment or the best dose, but to introddo#owing rule:

FCM approach in radiation therapy treatment and develop the
two-level hierarchical model for the decision-making.

The outline of this paper follows. Section Il presents an n
overview of FCM models, how FCMs are developed and Ai(t+1) = | Ai(t) + D _wji - Aj(1) 1)
how they model a complex system. Section Il discusses the =

factors, issues, and problems that have to be considered during
radiation therapy planning procedure. In Section 1V, the FCMthereA;(¢) is the value of concefdt; attime steg, A,(t) is the
model for the radiotherapy planning procedure is designedlue of concept’; attime step t, and; is the weight of the in-
and developed and this model is implemented for two clinict#rconnection from conceft; toward concepf’;, showing the
cases proving the validity of the model. Section V introduceaffect of the change in the value of concéfton the valued; of
the idea to develop an abstract model to supervise the decistoncept;, andf is the threshold functionf = (1/(1 + e=*),
making process for radiation therapy and proposes a two-lewdlereX > 0 determines the steepness of the continuous func-
hierarchical structure for the radiotherapy decision-makirign f and ensures that values of concepts belong to the interval
procedure, this structure creates an Advanced Decision-Makifg 1].
System that is implemented for the cases of two treatmentThe methodology for developing FCMs is based on experts
procedures and proves the usefulness and importance of Wi are asked to define concepts and describe relationships
supervision execution procedure. Section VI discusses t@ong concepts; using-THEN rules to justify the cause and
proposed methodologies, structures and their contributieffect relationship among concepts and infer a linguistic weight
and validity and Section VII concludes the paper makinfpr each interconnection [21]. Every expert describes each one
suggestions for future research. of the interconnection with a fuzzy rule; the inference of the rule
is a linguistic variable, which describes the relationship between
the two concepts according to everyone expert and gives the
grade of causality between two concepts. Then the set of fuzzy
Fuzzy Cognitive Maps (FCMs) have been successfully uségights suggested by experts for each interconnection are inte-
to model complex systems and develop decision support sgéated using the SUM method and an aggregated fuzzy weight
tems. The FCM is a soft computing modeling methodology thig Produced, which with the defuzzification method of center of
follows a method similar to the human reasoning and humafea (CoA) [22], is transformed to a crisp weight, belonging
decision-making process. It utilizes concepts to illustrate tf@ the intervall—1,1].
different aspects of the system’s model and behavior and thes&Vvery expert describes the relationship between two concepts
concepts interact with each other showing the dynamics of tHging the following fuzzy rule with linguistic variables:
system. FCM structures can be used to represent qualitative
and_ guantitative data. A FCM integrates the acc_:umulated e a changeB occurs in the value of concet,
perience and knowledge on the causal relationship between fac-
tors/characteristics/components of the system. The advantage of THEN a changeD in the value of concept';is caused
the FCM is due to the way it is constructed, i.e., using human/nfer: The influence from conceft; to C; is E.

Il. AN OVERVIEW OF Fuzzy COGNITIVE MAP MODELS
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shape and to keep the dose level at the minimum value for
healthy tissues and critical organs. The treatment planning is
a complex problem because of intercontracting constraints.
The performance criteria are: maximization of dose and dose
uniformity within the target region and dose minimization to
surrounding critical organs and normal tissues. The process of
adjusting treatment variables and displaying the corresponding
dose distribution is repeated till the optimizations of these
criteria are met.

According to ICRU Report 42, the set of procedures applied
in Radiotherapy treatment planning [24], are anatomic patient
data, definition of the target volume, prescription of the target
absorbed dose, selection and computation of provisional beam
arrangements, best dose distribution according to the radiation
field arrangement, fractionation scheme and simulation of the
components of the plan before the first fraction is applied to
Fig. 1. The general decision support FCM model consisted of selectogge patient, and the first setup. At every step of the treatment
factors, and outputs. . .

planning procedure doctors may decide to go back to the pre-
vious one if undesirable or unacceptable simulation results are
WhereB, D, andE are fuzzy linguistic variables that expertsencountered.
use to describe the variance of concept values and the degree dihe treatment planning is a complex process where a great
influence from concept’; to C;. number of treatment variables have to be taken under consider-

The FCM development method have been improved and s@pion. The treatment variables could vary according to each plan
plied with the Activation Hebbian Learning (AHL) algorithmand each patient; they are the number of beams, beam weights,
to train FCM and adjust the values of weights. AHL algorithnpeam orientation, wedge angles, collimator settings, and block
considers that the value of weight; is dependent on timg ~ arrangements. The process of adjusting treatment variables and
so (1) is updated to a new calculation rule that takes under cétisplaying the corresponding dose distribution is repeated ftill
sideration the asynchronous updating of weights between cdfe objective criteria of maximum dose, dose uniformity within
cepts, as AHL proposes. The proposed learning algorithm oviite target region and dose minimization to surrounding healthy
comes inadequate knowledge of experts and/or nonacceptdigigues and critical organs are considered optimized.

FCM simulation results [23]. This AHL algorithm is described [norder to achieve a good distribution of the radiation on the
in Appendix A. tumour, as well as to protect the healthy tissues the following

A generic FCM-model for decision-making in radiotherapyactors should be taken into consideration [25], [26] (more de-
could be consisted of three kinds of concepts as it is illustratils of the related terms are provided in [27]).

in Fig. 1. There are concepts representingfhetor-concepts 1) Selection of appropriate size for radiation field.
that are taking into consideration in determining the value of 2) Increase entry points of the beam (multiple radiation
the Selector-conceptSelectorconcepts are the concepts that field).

influence theDutput- concepts that represent the final decision. 3) Selection of the appropriate beam directions.

The FCM model can include all the factors and selectors, along 4) Selection of the weight of each field (dose contribution
with the existing causal relationships among Factor-concepts  Of each individual field).

because factors are interdependable. Moreover, Factor-concept) Selection the appropriate quality, i.e., energy and type of
influence Selector-concepts and the value of each Selector-con-  radiation (x-raysy-rays, electrons, protons).

cept can subsequently influence the degree of the Output-de- 6) Modification of field with wedge filters.

sired concept of the decision support system. This FCM model 7) Processing the outline of the patient with addition of
is a very abstract model of what a doctor does when he takes a ~ compensating filter or bolus in place of the missing
differential decision on the radiation therapy procedure; he de- _ tssue. _ _ _
termines the selectors and their values, taking into consideration 8) Modification of field with cerrobend blocks or multileaf
all the related factors, and then according to the Selector-con- _ Collimators. _ _

cepts values he determines his final decision that in the model 9) Use of isocentric stationary beam therapy versus isocen-

is presented as Output-concepts. tric rotation therapy.
10) Patient immobilization.

11) Use of conformal (3-D) instead of conventional two-di-

Ill. RADIATION THERAPY PROCESS ANDTREATMENT . .
mensional (2-D) radiotherapy.

PLANNING: ISSUES ANDFACTORS

The most common method of treating cancer patients wiw
radiation is externally applied beams of photons generated by
linear accelerator machines. The objective goal of “three-di-
mensional (3-D) conformal” radiotherapy is to deliver the Inthe previous section a brief analysis and description of most
highest dose to a volume shaped exactly with the tumofaictors and treatment variables, that have to be taken into con-

A CLINICAL TREATMENT SIMULATION TooL (CTST-FCM)
FOR DECISION-MAKING IN RADIOTHERAPY
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sideration in determining the radiotherapy treatment procedume combined and deffuzified and the result is a crisp value
was done. These factors and characteristics will be the concepfsresenting the weight of each interconnection. In this way,
consisting the FCM model for the decision-making procedutke weights of interconnections among Factor-concepts and
of the radiotherapy treatment. Selector-concepts, Selector-concepts and Output-concepts, and
Radiotherapists and physicists experts are asked to const@utput-concepts to Output-concepts, are determined. As an
the FCM model taking under consideration the basic beam dateample, the determination of some weights are described:
from experimental measurements [28] and the information de-Experts describe the influence from S-C3 toward OUT-C1
scribed at AAPM Task Group 23 test package [29] in order tepresenting the amount of dose to target volume using the fol-
retrieve the main factors, selectors and the relationships amadowging fuzzy rule:
them. The AAPM Task Group 23 test package is useful for the
quantitative analysis of treatment planning systems of photgp a small change occurs in the valueSefC3,
beam radiation [30]. Our test package of basic beam dosimetri
data has been developed with experimental measurements, [28],
which is used here for the determination of initial values of con- ) ) ] _
cepts and weights. This means that if a small change occurs in the size of radia-
The concepts of the FCM model for radiotherapy treatmefi@n field, then a small change in the value of dose to the target
are divided into three categories: Factor-concepts, Selector-c¥plume is caused, increasing the amount of dose. So, the influ-
cepts, and Output-concepts. Input (factors and selectors) c8AC€ Of S-C3 to OUT-C1 is positively small. _
cepts, represent treatment variables with given or measured of N€ influence from the F-C2 toward the S-C3 representing
desired values, and the corresponding causal weights are calf§-Size of radiation field, is described as
lated from experimental data [28], and data from AAPM Task
Group 23 test package [31], [32]. The values of the SelectordF a small change occurs in the valuelof C2,
concepts are influencgd by the Factor-concepts with the cor- THEN a large change is caused in the valueSefC:3.
responding causal weights and the values of the Output-con-
cepts are influenced and Qetermlned by the l.:actor-concep.ts E?‘ﬂlds means that the size of the tumor, determined by doctor, in-
the Selector-concepts with the corresponding causal welgrﬁs. : NS .
. i N o uences the size of radiation field. Increasing at a small amount
The final decision-making is based on the determination of thﬁz : : I T
. ' .. the size of target volume, the size of radiation field increases at
values of the Output-concepts that figure out the final decision . .
a larger amount, so influence of F-C2 to S-C3 is inferred as pos-

Values of concepts are described using five positive linguisti¢
|k|vely strong.

variables depending on the characteristics of each particu ahhe influence from E-C1 toward the OUT-C2 representin
concept, such as very high, high, medium, weak, and zero. The P 9

) ; S . thé healthy tissues’ volume received a prescribed dose, is de-
degree of the influence is represented by a linguistic varlabg .
g . - ; ..~ SCribed as
of the fuzzy set{positive very high, positive high, positive
medium, positive weak, zero, negative weak, negative medium, )
negative low, negative very IoW33]. When concepts represent  LF alarge change occurs in the valueb+-Cl1,
events and/or discrete variables, there is a threshold (0.5) that THEN a very large change is caused in the value of
determines if the event is activated. OUT—=C2.
Experts develop the FCM model of the radiotherapy treat-

ment procedure, that it is consisted of the 33 concepts thIEHis means that the increase in depth of tumor increases ver
are described in Table I. Concepts F-C1 to F-C18 are the P y

Factor-concepts, concepts S-C1 to S-C12 are the Selector-crcr)wfCh the amount of healthy tissues' volume received the pre-

cepts and the concepts OUT-C1 to OUT-C3 are the Outpsu rlbed_ dose. Thus the influence is positively very strong.
he influence from S-C4 toward the F-C15 representing the
concepts. The value of the Output-concept OUT-CL1 represents .

; - amount of perfect match of beam to target volume-tumor, is
the amount of dose applied to mean Clinical Target Vqurr}e
(CTV), which have to be larger than the 90% of the amount o?
prescribed dose to the tumor. The value of concept OUT-C2 )
represents the amount of the surrounding healthy tissues’ IF @ large change occurs in the valuegSefC4,
volume received a dose, which have to be as less as possible, THEN a very large change is caused in the value of
less than the 5% of volume received the prescribed dose. The F—C15.
value of concept OUT-C3 represents the amount of Organs At
Risk (OAR) volume received a dose, which have to be less th?
the 10% of volume received the prescribed dose. The values 0

)
Output-concepts can be acceptable or not acceptable, SatISfyILIR%
or not the performance criteria (according to the doctors and
the corresponding protocols).
Using the development methodology for FCMs [21], the ]
fuzzy rules for each interconnection are evaluated in par- LF @small change occurs in the value@UT—C1,
allel using fuzzy reasoning and the inferred fuzzy weights THEN a large change is caused@iJT—C2.

HEN a small change is caused in the valu€df T—C1.

ferred as

is means that if more field arrangements are used, the match
eam to the target volume increases at a very large amount.
s the influence is positively very strong.

The influence from OUT-C1 toward OUT-C2, is inferred as
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TABLE |

THE CONCEPTS OF THECTST-FCM: DESCRIPTION ANDTYPE OF VALUES

Concepts Description Type & Number of scaled values
FC1 Accuracy of depth of tumor Five fuzzy
F-C2 Size of tumor Seven fuzzy
F-C3 Shape of tumor Three fuzzy (small, medium, large)
F-C4 Location of tumor-size at cross section Three fuzzy
F-C5 Regional metastasis of tumor (sites of body) Five fuzzy
F-C6 Type of irradiated tissues-presence of Five fuzzy

inhomogeneities
F-C7 Dose uniformity within target volume One fixed
F-C8 90% isodose surrounding treatment volume One fixed
F-C9 Skin sparing (amount of skin dose) Three fuzzy
E-C 10 Amount of patient thickness irradiated Five fuzzy
F-C11 Accuracy of patient’s contour (taken from CT- Five fuzzy
scans, portal films)
F-C 12 Amount of scattered radiation received by patient Five fuzzy
F-C13 Time required for treatment procedure or Five fuzzy
preparation
F-C 14 Cost of equipment, shielding, space Five fuzzy
F-C 15 Perfect match of beam to target volume Three fuzzy
F-C 16 Edge effect-amount of lateral electron scattering Three fuzzy (low, medium, high)
E-C 17 Tumor position regarding center of contour cross Three fuzzy
section
F-C 18 Irradiation of one side of skin surface (entry points Three fuzzy
of the beam)
S-C1 Quality of radiation; 4 machines (orthovoltage, Four discrete
supervoltage, megavoltage, teletherapy)
S-C2 Type of radiation (photons, electrons, protons, Four discrete
heavy particles)
S-C3 Size of radiation field Five fuzzy
S-C4 Single or multiple field Two discrete
S-C5 Beam direction(s) (orientation angles) Continuous
S-C6 Weight of each field (percentage of each field) Continuous
S-C7 Stationery vs. rotation-isocentric beam therapy Continuous
S-C8 Blocks (no blocks, physical blocks and multileaf- Three discrete
collimator shaping)
S-C9 Wedge filters (no wedge, physical and dynamical Three discrete
wedge)
S-C 10 Use of compensating filter or bolus Two discrete
S-C 11 Patient immobilization Three discrete
S-C 12 Use of 2D or 3D conformal technique Two discrete
Out-C 1 Dose given to treatment volume (must be within Five fuzzy
accepted limits)
Out-C2 Amount of irradiated volume of healthy tissues Five fuzzy
Out-C 3 Amount of irradiated volume of sensitive organs Five fuzzy

This means that if the dose given to the tumor increases, a lar§erimplementation of a Clinical Treatment Simulation Tool
amount of healthy tissues’ volume receives the prescribed d¢€3 ST-FCM) for Two Radiotherapy Planning Case Studies

given to the tumor. The influence of OUT-C1 to OUT-C2 is Ragical radiotherapy is commonly used to treat localized
inferred as positively strong. prostate cancer. In this section, we will examine two dif-
Analogous is the methodology of determining all the exiderent treatment cases for prostate cancer therapy using the
tent influences between Factor-concepts, Selector-concepts @16 T-FCM model in order to test the validity of the model.
Output-concepts. In the first case the 3-D conformal technique consisting of
The Clinical Treatment Simulation Tool based on FCMix-field arrangement is suggested and in the second one the
model (CTST-FCM) for the decision-making in radiotherapgonventional four-field box technique. Radiotherapy physicians
is illustrated on Fig. 2 and it is consisted of 33 concepts amahd medical physicists choose and specify the initial values of
195 interconnections with numerical weights. Initial valuesoncepts and weights of the proposed CTST-FCM model, for
of concepts are taken from data set AAPM TG 23 [29] anelch case.
from experimental data [28], and they are normalized and1l) Case Study 1.Conformal radiotherapy allows a smaller
transformed in the interval [0, 1]. amount of rectum and bladder to be treated, by shaping the



PAPAGEORGIOUet al: DECISION MAKING IN RADIATION THERAPY BASED ON FCMs 1331

ouT1 ouT3

076

(2
98 03 0.6

$12

F1

F13,

Fig. 2. The CTST-FCM model with 33 concepts and 195 interconnections.

high-dose volume to the prostate and low-dose volume trconnections between Factor-concepts and Selector-concepts,
bladder and rectum, [34], [35], where the target volume &nd Output-concepts to Output-concepts, respectively.

readily visualized and defined on computed tomography The following initial vector is formed for this particular treat-
(CT) [36]. Radiotherapists and medical physicists select theent technique:

treatment variables, such as field size, beam direction, beam

weights, number of beams, compensating filters, type and A lower—level

quality of radiation and they determine the corresponding

weights on CTST-FCM = [0.66 0.57 0.54 0.67 0.51 0.58 0.75

For this therapy technique there will be considered a six-field 0.75 0.6 0.56 0.51 0.67 0.59 0.68
arrangement with gantry angles,®0°, 120°, 180°, 240, and 0.85 0.55 0.56 0.62 0.72 0.65 0.4 0.65
300, using a 6-MV photon beam radiation. Multiple CT-based 0.7 0.45 0.6 0.6 0.5 0.4 0.65 0.75 0.45 0.53 0.45],

external contours define the patient anatomy and isocentric
beam therapy is used. Beam weights are different for the six
fields, and blocks, wedges are used. The specific characteristics
of conformal therapy determine the values of concepts andWhen the initial values of concepts have assigned,
weights interconnections of CTST-FCM model. So, the S-G4TST-FCM starts to interact and simulates the radiation
takes the value of six-field number; S-C3 has the value pfocedure. Equation (1) calculates the new values of concepts
“small-size” for radiation field that means that the influencafter each simulation step and Fig. 3 illustrates the values of
of S-C3 and S-C4 toward OUT-Cs is great. In the same wapncepts for eight simulation steps, where is concluded that
the S-C5 and S-C6 have great influence at OUT-Cs becauadter the 5th simulation step FCM reaches an equilibrium
different beam directions and weights of radiation beams aegion, outlined with the following values of OUT-Cs: for
used. Concepts S-C8 and S-C9 take values for the seled®dT-C1 is 0.98, for OUT-C2 is 0.01 and for OUT-C3 is 0.04.
blocks and wedges, influencing the OUT-Cs. The S-C7 takesBased on the referred performance criteria in Section 1V, the
the discrete value of isocentric beam therapy. The S-C11 takedculated values of output concepts are accepted. The calcu-
a value for accurate patient positioning and the S-C12 takes tated value of OUT-C1 is 0.98, which means that the CTV re-
discrete value of 3-D radiotherapy. ceives the 98% of the amount of the prescribed dose, which is
So, considering the above, the initial values of concepts aadcepted. The value of OUT-C2 that represents the amount of
weights of interconnections between S-Cs and OUT-Cs are stlge surrounding healthy tissues’ volume received a dose is found
gested. The value of weights between S-Cs and OUT-Cs agual to 0.01, so the 1% of the volume of healthy tissues re-
given in Table Ill. Tables Il and IV gather the weights of inceives the prescribed dose of 81 Gy. The value of OUT-C3 that

whereA; is the value of concept;.
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TABLE I
THE WEIGHTS OF THEINTERCONNECTIONSAMONG FACTOR-CONCEPTS ANDSELECTORCONCEPTS

Factors/ S-C1 S-C2 S-C3 S-C4 SC5 S-C6 S-C7 S-C8 S-C9 S-C10 S-Ci1 S-C12

Selectors
F-C1 0.78 0.8 0.6 0.62 0.4 0.42 0.58 0.6 0.7 0 0.2 0
F-C2 0.75 0.75 0.7 0.6 0.2 0.53 0.55 0.52 0.5 0 0.6 0.5
F-C3 0.42 0.4 0.6 0.63 0.4 0 0.38 0 0.41 0 0 0.7
F-C4 0.68 0.38 0.36 0.6 0.37 0.52 0.4 0.6 0.54 0.52 0.8 0
F-C5 0.45 0.78 0.8 0.6 0.72 0.6 0 0.45 0 0 0 0
F-C6 0.75 0.75 0.32 0.58 0.5 0.55 0.47 0.5 0 0 0 0.6
F-C7 0.62 0.62 0.6 0.7 0.65 0.6 0.2 0.74 0.7 0.7 0.5 0.4
F-C8 0.58 0.65 0.68 0.72 0.6 0.72 0 0.6 0.6 0.75 0 0.4
F-C9 0.52 0.75 0.65 0.67 0.72 0.74 045 0.55 0.55 0.6 0 0.6
F-C10 0.35 0.6 0.5 0.6 0.6 0.6 0.2 0.5 0.5 0 0.5 0
F-Cl11 0.22 0.5 0 0 0.6 0.58 0.72 0.3 0.58 0 0.68 0.6
F-C12 0.61 0.72 0.75 0.6 0.58 0.55 0.22 0.6 0.52 0.6 0 0
F-C13 0.33 0 0 0.52 0 0 0 0 0 0 0.5 0
F-Cl14 0.60 0.60 0 0 0 0 0 0 0 0.5 0 0.6
F-C15 0.50 0.50 0.7 0.65 0.65 0.7 0.4 0.2 0.5 0 0.6 0.72
F-C16 0 0 0 0.75 0 0.5 0 0 0 0 0 0
F-C17 0 0 0 0 0.58 0 0.7 0 0 0 0 0
F-C18 0 0 0 0 0 0 0 0 0.64 0 0 0
TABLE Il
THE WEIGHTS REPRESENTINGRELATIONSHIPS AMONG SELECTOR CONCEPTS

AND OUTPUT-CONCEPTS FORFIRST CASE STUDY

Selectors OUT-C1 OUT-C2 OUT-C3

S-C1 0.52 -0.45 -0.44

S-C2 0.50 -0.57 -0.48

S-C3 045 -0.45 -0.4 o 0

S-C4 0.33 -0.58 -0.55 8

S-C5 0.38 -0.40 -0.38 3

S-C6 0.45 -0.42 -04 s

S-C7 0.30 -0.30 -0.30 ’

S-C8 0,42 -0.48 -0.45

S-C9 0.45 -0.42 -0.40

S-C10 0.25 -0.23 -0.24

S-C11 0.43 -0.48 -0.45

S-C12 0.62 -0.52 -0.48

TABLE IV k 2 : Nutibetatrepsiion ° ! ’
THE WEIGHTS OF THEINTERCONNECTIONSAMONG OUTPUT-CONCEPTS
Fig. 3. Variation of values of 33 concepts for the CTST-FCM for the

83',111{’83 S OI(;T-CI OI(J)E-ICZ ogg-Scs C'?ST-FCM for the first case for eight simulgtion steps.

OUT-C2 -0.68 0 0

OUT-C3 -0.63 0 0

treatment. This technique is consisted of a four-field box ar-
rangement with gantry angle$,®(°, 18C°, and 270. A single
represents the amount of the critical organ’s volume (bladdexternal contour defines the patient anatomy and isocentric
and rectum) is equal to 0.04, which means that the 4% of theam therapy is used. Beam weights have the same value for
volume receives the prescribed dose of 81 Gy, which is accepfedr fields and no blocks, wedges, collimator settings, and
because a volume less than the 10% of volume of organs at rigknpensating filters are used. For this case, the CTST-FCM
is accepted to receive a prescribed dose 81 Gy. has to be reconstructed that means that radiotherapists [34]
After this discussion it is obvious that the CTST-FCMhave to reassign weights and interconnections because a
model, with the initial values of treatment variables and thedlifferent treatment technique is used. Data from AAPM TG 23
interconnections that radiotherapists and medical physicistsd experiments [28], [29] determine the treatment variables
proposed for the specific technique of prostate cancer, reachral their interrelationships and so modifying the CTST-FCM
set of values that satisfy the performance criteria. So, accordimgdel. For this case, the Selector-concept S-C4 has the value
to the CTST-FCM model for this technique, the treatmemif four-field number; S-C3 has the value of “large-size” of
could be executed with acceptable results. radiation field, which means that the influence of S-C3 and
2) Case Study 2iIn the second case study, the convention&-C4 toward OUT-Cs is very low. In the same way the S-C5 and
four-field box technique is implemented for the prostate canc8rC6 have lower influence on OUT-Cs because different beam
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TABLE V
THE SELECTORCONCEPTSOUTPUT-CONCEPTSWEIGHTS FOR THESECOND
RADIOTHERAPY CASE STUDY

Selectors OUT- OUuUT-C2 OUT-

C1 C3
S-C1 0.52 -0.45 -0.44
S-C2 0.50 -0.57 -0.48 N
S-C3 0.27 -0.23 -0.19 3
S-C4 0.24 -0.42 -0.38 s
S-C5 0.22 0.25 0.23 g
S-C6 0.25 0.22 0.20
S-C7 0.30 0.30 0.30
S-C8 0 0 0
S-C9 0 0 0
S-C10 0.25 -0.23 0.24
S-Cl11 0.28 -0.30 -0.27 01r
S-C12 0.20 -0.25 -0.20 . . ) . ) )

L
1 2 3 4 5 6 7 8
Number of repetition

directions and weights of radiation beams are used. S-C8 and 4 Variation of val 33 ¢ CTST-FCM for th g

_ H _ . ariation of values o concepts o - or the secon
S-C9 have zero influence on _OUT Cs because no blocks %gmple,with the classical treatment planning case for eight simulation steps.
no wedges are selected for this treatment case. The S-C7 takes
the discrete value of isocentric beam therapy and has the same ] . .
influence on OUT-Cs as the above conformal treatment case3) Discussion of Case Studie®uring the treatment plan-
The S-C11 takes a low value for no accurate patient positioniR§'d Procedure some treatment parameters have great influence
and the S-C12 takes the discrete value of 2-D radiotherapy. 0 the treatment execution and to the determination of the final

The weights between S-Cs and OUT-Cs for this case &#@se that is actually received by the target volume and the pa-
given in Table V. If we compare Table V with Table Il thattient. On the CTST-FCM model standard treatment techniques

gathers the weights for the first case, we will see that some € Suggested which can be implemented in clinical practice,

terconnections have different values. and the outcome advise the radiotherapists if this treatment plan-
Using this new CTST-FCM model, with the new modified"ing téchnique is acceptable or not for the specific case.

weight matrix, the simulation of the radiotherapy procedure for FOr complex treatment planning problems where the sur-

this case starts with the following initial values of concepts: founding normal tissues and organs at risk, place severe
constrains on the prescription dose as in the case of prostate

cancer, CTST-FCM model provides an efficient tool for deci-

lower—level __ = = = = =
Az =[0.530480.43 0.570.39 0.58 0.75 0.75 sion making, treatment variables determination and acceptance

0.54 0.48 0.72 0.65 0.7 0.45 0.4 0.6 0.62 However, in practice, the patient receives a different amount
0.30.2 0.4 0.42 0.3 0.42 0.35 0.54]. of dose than that determined from the treatment planning, due

to the presence of some other factors, more general, as ma-
The values of 33 concepts are calculated using (1) and %hine factors and human factors, that are involved in the treat-
P 9 ﬁ"n%nt execution [37]. Also, some of the existent factors referred

variation of their values after eight simulation steps are illug. "\ " ~TsT_-ECM model such as tumor localization and pa-
trated n F'.g' 4 Th.'s shows that the FCM interacts and reach[cleesm positioning change their values easily and it is necessary to
an equilibrium region, where the final values of OUT-Cs are

Bke them into consideration during the final decision-making
follows: for OUT-C1, 0.97; for OUT-C2, 0.06; and for OUT-C3, rocess, with a more generic mode for all the patient cases.

0.15. The calculated value of concept OUT-C1 is within t . . P
desired limits but the values of concept OUT-C2 and conchﬁt-‘us' there is a need to determine a concept, named "Final

OUT-C3 are not accepted. The value of OUT-C2 is equal ose” (FD), affected by the previous referred parameters and

Re oUT-Cs describing the final decision-making. The concept
i 0, - ’ .

252 rvgsécicersngapnrse;zggéze dgs/(; g]; ;hle C\EI)C/)“'JI'nr:g (?;lezlttgg ‘1{ f éFinaI Dose” is an extremely important concept describing

) . : f radiati h | i f pa-

of OUT-C3 describes that the 15% of volume of organs at ig e'success of radiation treatment and so the prolongation of pa

receives an amount of the prescribed dose. These values %?t's life. The purpose of our approach is not the accuracy of
OUT-C2 and OUT-C3 are not accepted according to related pc culated amount of FD received by the patient, but to describe

EHE—:- success of radiation thera rocess in general, examinin
tocols [35]. Py P g ' 9

If these suggested values for Output-concepts were adopttgg, value of FD.

the patient would receive a larger amount of dose than the de-
sired one on the normal tissues and sensitive organs. So, itisim-
portant to examine all the factors and selectors and their caus&he CTST-FCM model for the radiotherapy treatment plan-

and effect toward the Output-concepts and suggest new treatig process could be enhanced if an upper-level is considered
ment variable values changing the planning procedure. for supervising the radiation therapy process, creating an

V. THE HIERARCHICAL STRUCTURE
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UC3) Machine factorsThis concept describes the equipment
characteristics, maintenance etc.

UC,4) Human factorsA concept describing the experience
and training level of medical staff

UC5) Patient positioning and immobilizatioThis concept
describes the cooperation of the patient with the doc-

tors and following instructions.

UCs) Final Dose given to the target volum& measurement
of the radiation dose received by the target tumor.

Using the same methodology that was presented in Sec-
tion Il, the Supervisor-FCM is developed. Experts used the
data from AAPM test packages and experimental data from
Radiation Therapy Oncology Group [35] to describe the
relationships among concepts. The connections among the
concepts of Supervisor-FCM are described in Table VI, then the
linguistic variables of weights are defuzzified and transformed
in numerical values and the following weight matrix for the

Supervisor-FCM is produced:

Fig. 5. The integrated two-level hierarchical structure for decision-making in

radiation therapy. 0 0 0 0 0 0.43
028 0 O 0 0 0.57
integrated hierarchical structure model, which is iIIustrate%upper_level_ 0 03 0 0 0 -0.39
on Fig. 5. In the lower-level of the structure, there is the 1o 0 0 0 032 -043
CTST-FCM model of 33 concepts that models the treatment 0 0 0 -037 0 0.68
planning and calculates the dose to the target volume, normal 0.22 0.67 0 0 0.54 0

tissues and organs at risk. In the upper-level, a Supervisor-FCM

model, consisting of six concepts, is used for the parametersThe objective of the Supervisor-FCM is to keep the amount of
analysis and the final acceptance or not of the treatment theraycept “Final Dose,” which is delivered to the patient, between
for the specific treatment technique. The Supervisor-FCM haseme limits, an upper limiED,,., and a low limitFD ,,;,. An-

dles important information from concepts of the CTST-FCMther objective is to keep the “Dose from Treatment Planning”
model for the description and determination of the speciflletween a maximum value,,., and a minimum valu®,.;,, .
treatment outcome and evaluates the whole process. Somé&ludse objectives are defined by the related ICRU protocols that
the treatment parameters represented by the Selector-concdpseribe the accepted dose levels for each organ and region of
such as tumor localization based on CT-scans or portal filnteyman body [39]. The Supervisor-FCM evaluates the success or
patient positioning and immobilization; and the concepts dilure of the treatment estimating the value of the “Final Dose”
treatment dose to target volume, normal tissues and criticalncept. So, the objective for the Supervisor-FCM is to keep the
organs, are crucial factors for the treatment execution and thejues of corresponding concepts for “Final Dose” and “Dose
influence the Supervisor-FCM. The three parameters referedm Treatment Planning” in the range of values:

as Output-concepts on the CTST-FCM contribute a lot to the « D, ;. < FD < FD,ux;

“Final Dose” and to the successful of treatment process. e Doin S_D < ﬁmax_

The proposed Supervisor-FCM model is developed utilizing The Supervisor-FCM model is, a generic decision support
the expert's knowledge, which actually supervise and take d@odel that can be implemented in all clinical treatment cases.
cisions for the radiation therapy process using the notion apéwever, the CTST-FCM model is used for standard treatment
values of tumor localization, patient positioning and the calcgechniques in clinical practice, and using the Supervisor-FCM,
lated dose from the treatment planning system in order to dgfast and accurate suggestion can be derived, which will help
termine the Final Dose [38]. Also, experts suggest that humgie radiotherapist-doctor to decide if the technique could be im-
factors and machine factors take part in the determination of th@mented or not. When the result is undesirable or unaccept-
“Final Dose” [37]. able, we return on the lower-level through an interface, where

According to experts the Supervisor-FCM is consisted of theprocedure takes place suggesting new treatment variables and
following concepts: interconnections among them, changing the values of concepts

UC;) Tumor Localization It is dependent on patient con-and weights. This procedure can be either the selection of an-

tour, sensitive critical organs, and tumor volume. It ensther treatment technique or modification of the used one. Then,
bodies the value and influence of these three Factdhrough the interface, we return on the upper-level where the
concepts of CTST-FCM model. “Final Dose” is calculated and this iterative process is following

UCsy) Dose prescribed from Treatment Planninihis con- till the result is acceptable.

cept describes the prescribed dose and is dependindhe proposed integrating two-level hierarchical structure is
on OUT-C1, OUT-C2, and OUT-C3 concepts ofused to model the complex radiotherapy process. The decision
CTST-FCM model. maker evaluates the value of the “Final Dose” given to the target
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TABLE VI
CONNECTIONSAMONG THE CONCEPTS OFSUPERVISORFCM

Direction of

Linkage Influence Description
Medium influence from Tumor
L UCl 1o UC6 Localization towards Final Dose
L, UC2 to UC1 Small influence from Dose of .trea}tment planning towards tumor
localization
L UC2 to UC6 High influence from dose of treatment planning towards Final Dose
L, UC3 to UC2 Negative small influence from machine parameters towards the Dose
of treatment planning
Ls UC3 to UC6 Negative medium influence fr(]))n(m)sr:achme parameters towards Final
L UC4 to UC6 Negative medium influence fg)(r)rslehuman factors towards the Final
L UC4 to UC5 Negative small influence from.hU{nan factors towards the patient
positioning
Ls UC5 t0 UC4 Negative medium influence frfc;r(i (E)ra;tlent positioning towards human
Lo UCS to UC6 High influence from patient positioning towards the Final Dose
Lo UC6 to UCS Medium influence from Final Dose towards patient positioning
Lu UC6 to UC1 Small influence from Final Dose towards the Tumor Localization
Loy UC6 to UC2 High influence from Final Dose towards the Dose of treatment

planning

Supervisor-FCM, and an analogous interface exists for the
inverse transmission of information. For example, information

Values of concepts on
lower level

lower
- from the machine parameters concepts at CTST-FCM model
(Selector-concepts S-C7, S-C9, S-C10) pass through the inter-
uzzy Role) face and influence the concept of UC3 “machine factors” at
| Supervisor-FCM. Also, information from the Output-concepts
Eeperts A Update (OUT-C1, OUT-C2, OUT-C3) influences the UC2 “Dose from
T T\ Teitialvaluesof Alover Treatment Planning.”

upper concepts

The interface is a set of fuzzy rules. The influences between
values of concepts from one level to the other are representing
using the IF-THEN rules that are embedded into the interface.
The fuzzy rules have as input the values of concepts from the
s CTST-FCM model at lower-level and infer the value of concepts

Acoepted on the Supervisor-FCM.

We have tested and proposed the following fuzzy rules that
describe the part of the interface from lower-level toward the

Fig. 6. The flowchart of the algorithm for supervision execution andiPPer-level.

interaction between the two levels of decision support. « IF value of OUT-C1 is very highAND values of
(OUT-C2 AND OUT-C3) are very lowTHEN value

AHL
algorithm

Anupper

New values of

volume, and in the case of unacceptable value of “Final Dose,”
some concepts on the CTST-FCM model are influenced through «
the interface, so they take new values that cause the CTST-FCM
model to interact. When the lower-level CTST-FCM reaches
an equilibrium region information pass to the supervisor-FCM, e
which decides if the new calculated value of “Final Dose” is
accepted or not. The flowchart of this procedure is depicted on «
Fig. 6.

The interface transmits information from the CTST-FCM
on the lower-level to the Supervisor-FCM on the upper-level
and vice versa. This interface is consisted of two parts, one
part transmit information from lower to upper and the other
part from upper to lower. Generally, the information from e
two or more concepts on the CTST-FCM model are aggre-
gated and through the interface influence one concept in the

of UC2 is very high.

IF value of OUT-C1 is the highesAND values of
(OUT-C2AND OUT-C3) are the lowesTHEN value
of UC2 is highest.

IF value of OUT-C1 is highAND values of (OUT-C2
OR OUT-C3) are lowT'HEN value of UC2 is high.

IF value of OUT-C1 is very highAND values of
(OUT-C2 OR OUT-C3) are lowI'HEN value of UC2
is high.

IF value of S-C3 is very lowAND values of (S-C7
AND S-C9AND S-C10) are very highTHEN value
of UC3 is high.

IF value of S-C3 is very lowAND values of (S-C7
AND S-C9 and S-C10) are the highe®tHEN value
of UC3 is very high.
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« IF value of S-C3 is very lonAND values of (S-C7 OR cept changes based on the influence of the first one, and this is
S-C9 OR S-C10) are very higiItHEN value of UC3 is referred to as a simulation time step.
high. Protocols and experimental data prescript the final dose to pa-
« IF value of S-C3 is mediunAND values of (S-C7 OR tient for every treatment case. This information is used to check
S-C9 OR S-C10) are mediurTHEN value of UC3 is out our model. For this first example the calculated value of UC6

medium. “Final Dose” is 0.90, which is an acceptable value according
« IF value of S-C11 is very highTHEN value of concept to the ICRU protocol [38]. Thus, radiotherapists can follow the
UCS is very high. suggested values and the treatment will be executed with suc-

« IF value of S-C11 is highesTHEN value of concept cessful results.
UCS5 is highest.
In the same way, with a corresponding set of fuzzy rules tf Second Case
interface from the upper-level toward the lower-level is devel- In this subsection, it will be considered the second test case of
oped describing analogous influences from the concepts of $westate cancer, presented at Section IV, where the CTST-FCM
pervisor-FCM toward the Selector-concepts of the CTST-FCMn the lower-level reach the equilibrium region and through

the interface the following initial concept values for the Super-
A. Simulation to Estimate the Successful or Not of the visor-FCM is produced:

Radiation Therapy Treatment Case—First Example

- _ A9 =[0.40 0.67 0.20 0.25 0.32 0.35].
The initial values of concepts on Supervisor-FCM are de- 2= | 7 2

termined by the values of concepts of lower-level CTST-FCM The AHL algorithm is applied to the Supervisor-FCM, so
model, through the above-described interface, and the user @f3) is used to calculate the values of weights and (1) calcu-
termines the external inputs of the values of concepts referdates the values of concepts after each simulation step. The sim-
as UC5 “human factors” and UC1 “Tumor localization.” ulation starts and after 49 simulation steps the Supervisor-FCM
The CTST-FCM that was presented at Section |V for the firseaches an equilibrium region where the values of concepts are
test case is the lower-level FCM. As was presented this FCM
after the simulation had reached an equilibrium region and the
values of Factor-concepts, Selector-concepts, and Output-caAd the produced weight matrix of Supervisor-FCM is
cepts could be used for the desired treatment planning and calcu- =~ .
lation of dose on the target volume, normal tissues, and sensitVBecondense

Ayprer=ievel — 16,90 0.81 0.93 0.47 0.83 0.86].

organs. These values are inputs to the fuzzy rules consisting the 0 0.10 052 0.07  0.08 0.43

interface and so they determine the initial values of concepts on 077 0 053 0.06 0.07 054
Supervisor-FCM that are given in the following matrix: _ 010 =029 0 006 0.08 -0.23
0.06 0.05 0.30 0 —0.43 —0.30

A9 =1[0.76 0.84 0.66 0.57 0.73 0.81] 0.09 0.07 040 —0.99 0 0.61

For these values of concepts, the Supervisor-FCM with the 0.61 094 042 005 08 0

initial weightsWpprer—level js gple to examine if they are within -~ The value of UC6 “Final Dose” is 0.86 that is out of range
the accepted limits for the radiotherapy execution. The Supéf-the desired-accepted value for execution dose [38]. Thus, the
visor-FCM is updating by the implementation of AHL rule thavalue of concept “Final Dose” is not accepted and the radio-
is described in Appendix A and the (A.3) is used to modiffherapy would not have the expected results. The supervision
the weights of Supervisor-FCM, and (1) is used to calculate th¥ecution procedure as is depicted on Fig. 6, suggests updating
values of concepts after each simulation step. After 43 simul&e values of concepts on the lower-level FCM and changing
tion steps, the Supervisor-FCM reaches an equilibrium regidhe values of Factor-concepts. In order to update the values of

where the resultant values of concepts are concepts at lower-level, we follow the upper-lower interface and
upper—level we influence the values of the most important Factor-concepts
Ay = [0.91 0.84 0.94 0.50 0.85 0.90] and Selector-concepts according to the fuzzy rules. So, new

and the new weight matrix derived after training using the AH}falueS are assigned to size of radiation field (5-C3), beam di-

rection (S-C5), weight of each field (S-C6), patient immobiliza-

algorithm is )
g _ tion (S-C9), perfect match of beam to the target volume (F-C15).
Wi pervisor These values along with the rest of the valueA§f**~'**! for
0 012 047 010 012 045 the second case study are resulting in producing the following
0.75 0 045 0.09 011 0.55 values for the concept of lower-level
_ | 013 —024 0 0.09 0.2 =07} plower—level _ 1 530 48 0.43 0.57 0.39 0.58 0.75 0.75 0.52
0.08 0.07 0.33 0 —-0.38 —-0.25
0.12 011 044 —0.98 0 0.62 0.48 0.41 0.5 0.45 0.61 0.83 0.59 0.54 0.48 0.72 0.65 0.7
0.62 095 0.50 0.09 0.89 0 0.450.63 0.72 0.6 0.3 0.55 0.4 0.4 0.3 0.42 0.35 0.54].

The AHL algorithm assumes that there is a time relationship The CTST-FCM with the valued X" ~*¥*! interacts and
in the changes of concepts values. When the value of one-caew values for the 33 concepts are calculated according to the
cept changes, in the next time unit the value of another one cgh)} and the new calculated values for Output-concepts are:
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OUT-C1is 0.98, OUT-C2 is 0.03, and OUT-C3 is 0.07. These Using the FCM-methodology at lower-level we are able to

calculated values of Output-concepts are within the acceptaddel the process of treatment planning, adjusting the treat-
limits for the CTST-FCM model. So, these new updated valuesent variables and calculating the corresponding dose to the
of concepts from CTST-FCM model influence again througtarget volumes, organs at risk and normal tissues. Using the
the interface the upper level concepts of Supervisor-FCldame methodology at upper-level we are able to supervise the

determining the new concept values whole procedure of radiation therapy, adjusting the interconnec-
tions between the generic treatment variables of upper-level and
A;i)per—level — [0.87 0.81 0.93 0.47 0.85 0.86]. calculating the “Final Dose.”

We believe that this modeling method based on FCMs helps
] ) ) the radiotherapist to simulate the treatment procedure, decide
Then, implementing the AHL algorithm for the Superjt ye treatment execution will or not be successful, keeping

visor-FCM, the following values of concepts on upper-level e hrescribed dose between the accepted limits. This decision-

are calculated: making system was developed to improve planning efficiency
and consistency for treatment cases, selecting the related fac-
Avrper=level 16 99 (.84 0.94 0.48 0.85 0.91]. tors and treatment variables, and describing and determining the

causal relationships among them.

The value of concept UCS, 0.91, is accepted for the treatmentNlike most optimization methods are used to solve complex
execution. If the calculated “Final Dose” was not accepted, thdgatment planning problems; the proposed FCM approach is
the above procedure could continue until the calculated valj@t intended to generate novel plan designs in terms of beam bal-
of concept “Final Dose” would be accepted. In this way, the s{iStics (directions, apertures, weights, and wedges) or intensity
pervisor-FCM models and supervises the treatment for prostgi@dulation, but rather to create a simulation tool to help physi-

cancer therapy with external beam radiation and more generdlig"S and medical physicists to select the treatment variables, to
the whole procedure. save time determining the treatment technique and make deci-

sions before the treatment execution. Calculating dose distribu-
tions, making optimization on treatment technique and sched-
uling treatment therapy is beyond the scope of our research at
The proposed two-level decision model for radiation treathis point, these optimization methods are used in mathemat-
ment procedure takes under consideration an extremely laigg models such as the gradient descent or MOGA or Pareto
number of factors that are evaluated with the use of FCMs. Thisst functions. The primary purpose for using the FCM ap-
dynamic decision-making model for the radiotherapy treatmemtoach is to develop a clinical treatment simulation tool for de-
process uses the experts’ knowledge and follows a reasongigjon-making in radiotherapy, which will facilitate the iterative
similar to the one doctors adopt while deciding on a treatmemtocess used by medical physicists and radiotherapists off-line.
plan. In the future more concepts [40] and optimization cost functions
The proposed CTST-FCM model is evaluated for differemould be considered in developing further the Supervisor-FCM.
treatment cases but it arises the need for an abstract model that
will supervise it. An integrated two-level hierarchical structure
is proposed, that uses two-level FCMs to evaluate the radio-
therapy planning procedure. The Supervisor-FCM stands as dhe most common approaches used today for optimization
second level control for prediction, decision analysis, and def treatment variables and the methods for optimizing com-
termination of the “Final Dose.” Supervisor-FCM model is implex beam arrangements or intensity-modulated beam shaping
proved and becoming more generic with the implementation géve appeared to have limited clinical applicability, due in part
the AHL algorithm that adjusts the weights and ensures the sié§-practical constrains on the number of beams, orientation of
cess of the treatment therapy procedure. beams collimator settings, wedge angles, based on the construc-
In this stage the research work was focused on the studytigh and function of treatment machines and in part to the com-
knowledge representation and on the development of a two leggtational time required to obtain an optimized plan. A major
hierarchical model based on FCMs. The following have begjioblem is the complexity of the decision-making process for

VI. OVERALL DISCUSSION OFRESULTS

VII. CONCLUSIONS ANDFUTURE DIRECTIONS

achieved: Radiotherapy and the fact that many fuzzy factors must be taken
« Development of a radiotherapy-planning model, thender consideration that make it too complicated to be mod-
CTST-FCM model on the lower-level. eled precisely. Here a two-level hierarchical structure based on
 Validation of the Clinical Treatment Simulation Toolthe soft computing modeling technique of FCMs was proposed,
(CTST-FCM) for two cases. that is implemented in the decision making process for Radio-

» Development of an abstract generic model to supervise tterapy.
process that was enhanced with learning methods to hav@he proposed structure is easily implemented in clinical

better convergence results. practice and provides a fast, accurate, reliable, and flexible tool
 Description of an interface to transform information befor decision-making in radiotherapy procedure. The test cases
tween the levels of hierarchy. that were investigated proved the feasibility and validity of the

» Proposing an algorithm to describe the flow and exchangeodel giving very promising results. At present, the system
of information within the integrated hierarchical system.is not used clinically, but it has been tested with clinical data,
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with similar and/or either better result than the usual treatmentThus, the AHL rule of (A.1) with substitute of (A.2) is trans-
practice reported on the medical literature. formed in the following equation that calculates the new value
Future direction of this research effort could include: of weightw;; at iterationt + 1:

« further improvement of the Supervisor-FCM model;
« investigation of the optimization methods of soft comw;;(t + 1) = a - w;;(t) + 0.02
puting techniques in order to eliminate the present limi- exp(—0.1-1) - A2 (t) - A;(t). (A.3)
tation of the proposed method as mentioned earlier;
* running simulations with new clinical data;
« validation of the proposed CTST-FCM tool under

real-time medical radiotherapy treatment; ) _ )
« sensitivity analysis. The authors would like to thank A. Lotsari-Groumpos, Uni-

versity of Patras, for her helpful suggestions in English grammar
and language.
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