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Aim: In this study we compared three different methods of evaluation of dose distribution.
Background: The aim of treatment planningis to prepare the treatment plan which the criteria
are defined according to the international recommendations.
Materials and methods: For three groups of patients, for lung, breast and prostate, treated rad-
ically in Brzozow with external beams the treatment plans were prepared. For each patient
the metrics of dose distribution in the PTV defined according to the ICRU Reports 50, 83 and
according to the Nordic Association of Clinical were calculated. Also Homogeneity Index
defined by Yoon was used in this work. Additionally for similar group of patients treated
in Warsaw the same calculations were performed. Correlations between the standard devi-
ations and: (1) the differences between the maximum and minimum doses, and (2) the
differences between near maximum and near minimum doses normalized to median dose
and (3) to prescribed dose were calculated.
Results: There was a very strong correlation between the standard deviation and the dif-
ference between the near-maximum and near-minimum doses for all locations regardless
the prescription. Also good correlation was observed for the standard deviation and the
difference between the maximum and minimum doses for patients treated in Brzozow.
Conclusions: The standard deviation may be estimated by the Homogeneity Index, however
the relationship should be established for each location and each center separately.

© 2015 Greater Poland Cancer Centre. Published by Elsevier Sp. z o.o. All rights reserved.

1. Introduction

quite simple rules concerning treatment planning are still fol-
lowed. In most cases, because the distribution of clonogenic
cells is unknown, the planners tend to achieve a homoge-

The aim of radiotherapy is to deliver the prescribed dose to
the tumor while trying to spare the surrounding normal tis-
sues as much as possible."? In order to reach this aim, very
sophisticated treatment techniques are used.’ Nevertheless,
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nous dose distribution within the Planning Target Volume
(PTV). Due to inherent characteristics of the treatment beams,
this goal is unachievable. Therefore, in practice, some het-
erogeneity of the dose distribution is present and has to be
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accepted. There are several recommendations which formu-
late requirements concerning dose distribution uniformity
and dose prescription. According to the ICRU Report 50, the
uniformity of dose distribution is described in terms of the
maximum and minimum dose within the Planning Target Vol-
ume (PTV).* The maximum dose in the PTV should not exceed
107% of the dose at the ICRU Reference Point and the minimum
should not be smaller than 95% of dose at the ICRU Refer-
ence Point. This Report, published in 1993, is still used in many
radiotherapy centers. Another dose prescription method was
proposed by the Nordic Association of Clinical Physics Report.®
According to this Report the homogeneity of dose distribu-
tion should be evaluated by analyzing the standard deviation
of dose distribution within the PTV. It is desirable to achieve
dose distribution with standard deviation smaller than 3%
of the prescribed dose. These two reports were published in
the era of 3 dimensional conformal radiotherapy (3DCRT). In
2010, a new ICRU Report, intentionally written for Intensity
Modulated Radiotherapy and for complicated 3DCRT plans,
was published.® In this ICRU Report (number 83), the authors
propose to use the so called near minimum and near maxi-
mum doses instead of the minimum and maximum doses in
the PTV as a measure of the uniformity of dose distribution.
The near minimum D98% and near maximum doses D2% are
doses received by 98% and 2% of the PTV volume. In the ICRU
Report 83, there is no recommendation concerning D2% and
D98%. The treatment team is responsible for accepting each
treatment plan according to internal protocol. Based on these
definitions, the homogeneity index HI is defined as:

Do, — Dogs,
HI = 22% = Dos%
Dsos,
A few years earlier Yoon introduced very similar Homo-
geneity Index metric.” In his idea, the HI is defined as:

Djg, — Dogy,

Hlyoon = s
D
pr

where Dy is the prescribed dose.

The direct association of dose distribution and treatment
outcome is highly desired.® All these concepts of dose pre-
scription and uniformity of dose distribution in the PTV
only implicitly allow to quantify the correlation between the
dose delivered to the target and treatment outcome. In the
literature, there are several proposals to find the direct math-
ematical correlation between dose distribution and treatment
outcome. The general idea was to reduce the dose distribution
in the target to a single dose value which would be directly
related to the probability of the tumor control.’

In this study, we analyze what the relationships are
between the four different indices of dose distribution uni-
formity, i.e., between the difference of the maximum and
minimum doses (DMM), the standard deviation (StDev), and
the homogeneity indexes (HI, Hlyoon)-

2. Materials and methods

The study was performed for three groups of patients treated
radically with external beams in Brzozow and Warsaw in the
period of 2012-2013. There were patients with breast, lung
and prostate cancer. There were 10 patients in each group,

30 patients in Brzozow and 30 patients in Warsaw, 60 patients
altogether. A similar procedure of treatment plan preparation
was applied in each group. However, different policy concern-
ing the evaluation of dose distribution homogeneity was used.
In Brzozow, the difference between the maximum and mini-
mum dose was minimized (ICRU 50 Report), while in Warsaw
the aim was to keep the standard deviation below 3% of the
prescribed dose (Nordic Association of Clinical Physics Report).
The CT examination was performed in treatment position
(Somatom Open, Siemens) with 3-5mm slice thickness in a
spiral mode. For each patient, the Clinical Target Volume and
organs at risk were delineated. In Brzozow, the treatment
planning was performed with Xio (Elekta, version 4.70.00)
treatment planning system, in Warsaw with Eclipse (Varian,
version 10.0.39). The contouring and treatment plans were
prepared according to the ICRU 50. In both centers, the dose
was prescribed to the ICRU Reference Point. In XiO, the super-
positions algorithm, and in Eclipse the Analytic Anisotropic
Algorithm were used for dose distribution calculation. The
calculation grid was 0.25cm.

A short description of Brzozow patients and treatment
plans is as follows:

Breast patients: Tis — T2NOMO, the CTV: breast gland, CTV-
PTV margin: 0.5 cm, tangential field technique with photons
of 4 and 6 MV; bolus of 0.5cm.

Lung patients: T2N1MO — T4N3MO patients, CTV encompass-
ing the tumor, and in some cases the regional lymph nodes,
CTV-PTV margin: 1.0cm, 3 field technique with 6 MV pho-
tons.

Prostate: Tlc - T3bNOMO patients, CTV consisted of the
prostate gland and regional lymph nodes with margin of
0.8 cm, 3 field technique (AP field and two wedge lateral fields)
or box technique with photons of 15 MV.

A short description of Warsaw patients and treatment
plans is as follows:

Breast patients: TINOMO -T 2NOMO, the CTV: breast gland,
CTV-PTV margin: 0.5 cm, tangential field technique with pho-
tons of 6 MV; in the planning process the external 0.5cm of
the gland was excluded from the PTV.

Lung patients: T2N1MO - T4N3MO patients, CTV encompass-
ing the tumor, and in some cases the regional lymph nodes,
CTV-PTV margin: 1.0cm, 3 or 4 field technique with 6 MV
photons.

Prostate: Tlc — T3bNOMO patients, CTV consisted of the
prostate gland and in some patients regional lymph nodes
with margins of cranio-caudal and anterio-posterior 0.7 cm,
left-right 0.4 cm; 3 field technique (AP field and two wedge
lateral fields) with photons of 15 MV.

In all cases, the shape of the fields was conformed auto-
matically to the PTV with a Multileaf Collimator (in majority
of cases 0.6 cm margin was used). For this work, the clinically
accepted plans were used. In Brzozow, the dose was always
prescribed to the ICRU Reference Point and for the breast group
the total dose of 50 Gy, 2 Gy per fraction was administered, for
lung patients 68 Gy, 2 Gy per fraction, and for prostate group
76 Gy, 2 Gy per fraction. In Warsaw, the dose was prescribed to
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Fig. 1 — The correlation between the standard deviation and
the homogeneity index according to ICRU 83 and according
to Yoon for breast patients, for plans prepared in Brzozow.

the mean dose to the PTV and for the breast group the total
dose of 45 Gy, 2.25 Gy per fraction was administered, for lung
patients 58.8 Gy, 2.8 Gy per fraction, and for prostate group
65 Gy, 2.6 Gy per fraction. All dose distribution indices were rel-
ative ones so the fractionation and prescription did influence
results.

In both centers for each patient the following metrics in
the PTV were obtained: maximum dose (Dmax); the maximum
dose in single calculation point, minimum dose (Dp,y,); accord-
ing to ICRU Report 50, standard deviation of dose distribution
(0); in percent of mean dose delivered to the PTV, near mini-
mum dose (Dggy,); according to ICRU Report 83, near maximum
dose (Dyy,); according to ICRU Report 83, median dose (Dsgy);
according to ICRU Report 83.

To find the relationships between each pairs of dose distri-
butions homogeneity indices, the correlation was obtained.

3. Results

Figs. 1-3 show the correlation between the differences of
maximum and minimum doses, and standard deviations,
and between differences of maximum and minimum doses
and homogeneity indexes according to ICRU83, and Yoon for
breast, lung and prostate, respectively, for Brzozow patients.
The excellent correlation between almost all these pairs
of statistics was obtained (R?>0.62). The good correlation
(R? =0.4453) was obtained between the standard deviation and
both Homogeneity Indexes. For this group of data, there is
a very small difference between the Homogeneity Index cal-
culated according to ICRU and Homogeneity Index according
to Yoon. Figs. 4-6 show the correlation between the dif-
ferences of maximum and minimum doses and standard
deviations, and between differences of maximum and min-
imum doses and homogeneity indexes according to ICRU83,
and Yoon for breast, lung and prostate, respectively, for the
Warsaw patients. In this case, also a very good correlation
between standard deviation and both homogeneity indexes
was obtained (R?>0.73), except the correlation between the
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Fig. 2 — The correlation between the standard deviation and
the homogeneity index according to ICRU 83 and according
to Yoon for lung patients, for plans prepared in Brzozow.

standard deviation and the differences between the max-
imum and minimum doses. For breast and lung patients,
there is no correlation between the standard deviation and
the differences between the maximum and minimum doses.
For prostate patients, the correlation between the standard
deviations and the differences between the maximum and
minimum doses is good (R? =0.4694).

4, Discussion

The aim of treatment planning is to prepare the treatment
plan which fulfills the criteria defined individually in each
hospital. These criteria are defined usually according to the
international recommendations. Dose prescription methods
may be different in different hospitals. In some hospitals the
treatment dose is prescribed to the ICRU Reference Point, in
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Fig. 3 — The correlation between the standard deviation and

the homogeneity index according to ICRU 83 and according
to Yoon for prostate patients, for plans prepared in Brzozow.
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Fig. 4 - The correlation between the standard deviation and
the homogeneity index according to ICRU 83 and according
to Yoon for breast patients, for plans prepared in Warsaw.

other hospitals, to the mean dose delivered to the PTV. The
dose may also be prescribed to the median dose, as it is rec-
ommended by the ICRU 83. In consequence, numerically the
same total prescribed dose may lead to different treatment
outcome (different equivalent dose). Another source of dif-
ferences in treatment outcome may result from a different
dose distribution within the PTV. However, all reports rec-
ommend preparing the plan in which the dose distribution
within the PTV is as uniform as possible but a satisfactory
dose distribution may not always be achieved. In this study, we
compared three different methods of the evaluation of dose
distribution which are recommended by international bod-
ies. In the ICRU Report 50, the inhomogeneity is expressed
in terms of the difference between the maximum and min-
imum doses; in the ICRU Report 83, the Homogeneity Index
is proposed; and the Nordic Association of Clinical Physicist
recommends to evaluate the dose distribution homogeneity
in terms of the standard deviation of doses in the PTV. The
Homogeneity Index is described in terms of the so called near
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Fig. 5 - The correlation between the standard deviation and
the homogeneity index according to ICRU 83 and according
to Yoon for lung patients, for plans prepared in Warsaw.
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Fig. 6 - The correlation between the standard deviation and
the homogeneity index according to ICRU 83 and according
to Yoon for prostate patients, for plans prepared in Warsaw.

maximum and near minimum doses which were proposed
instead of the maximum and minimum doses. Additionally,
we performed the same comparison using the Homogeneity
Index proposed by Yoon.” Using the clinical data from two
radiotherapy departments, where different policies concern-
ing dose distribution homogeneity evaluation are used, we
analyzed the relationships between these three homogeneity
dose distribution indices.

We found that there is a very good correlation between
standard deviations and between the standard deviation and
the HI and Hlyyon, no matter which recommendations were
used in the process of treatment planning. In Brzozow, a
good correlation was also obtained between the standard
deviations and differences between the maximum and min-
imum doses. In Warsaw, there is no correlation between the
standard deviations and the differences between the maxi-
mum and minimum doses for breast and lung patients, and
good correlation for breast patients. In Brzozow, the homo-
geneity of the dose distribution is evaluated in terms of the
difference between the maximum and minimum dose (MMD),
i.e., the ICRU 50 recommendations are followed. In Warsaw, in
the planning process, the standard deviation is minimized.
It is very likely that these results reflect the different treat-
ment planning policy. In Warsaw, the planners try to keep
the standard deviation as small as possible, while in Brzozow
the planning is driven by the ICRU 50 recommendations. In
Warsaw, the standard deviation should be smaller than 3%
of the prescribed dose. In Brzozow, the MMD is minimized.
In Brzozow, the MMD is larger than 20% in only 3 cases. In
Warsaw, the MMD exceeds 20% for 11 patients. On the other
hand, in Warsaw there were only 3 plans with the standard
deviation larger than 3% (percentages in relation to the pre-
scribed dose). In Brzozow, the standard deviation was larger
than 3% in 21 cases. If the HI were used for the evaluation of
the dose distribution homogeneity, then much better dose dis-
tributions would be prepared in Brzozow. In this center the HI
was larger than 0.2 in only 3 cases versus 11 cases in Warsaw.
This analysis shows clearly that using different indices of dose
distribution may lead to different conclusions concerning the
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evaluation of dose distribution. This seems to be especially
important in clinical trials where integrity of clinical data is of
special importance and when we want to compare our results
of treatment planning with others. The correlations did not
depend on the definition of homogeneity index. Both defini-
tions according to the ICRU and Yoon lead to similar results.

What are advantages and disadvantages of each of these
three methods of evaluation of dose distribution homo-
geneity? The only one which is not fully subjective metrics
is the standard deviation. Brahme showed that there is a
dependence between the homogeneity of dose distribution
in the PTV and the treatment outcome.'%'! Under assump-
tion that the dose variation within the target is small and
that the density of clonogenic cells in the target is constant,
the loss in tumor control probability is proportional to the
square of the standard deviation, which may be described
quantitatively by the formula:

TCP(Dr) = TCP(Dmean) —

yz ( o ) 2
2. TCP(Dmean) Dmean

where TCP(Dr) - tumor control probability for the actual dose
distribution in the PTV, Diean — the mean dose, y — normalized
dose response gradient, TCP(Dmean) — tumor control probabil-
ity for Dmean, o — standard deviation of dose distribution in the
PTV.

If the normalized dose response gradient is about 2, and
the relative standard deviation of the mean dose in the PTV is
about 3%, then the loss in the TCP is about 4 percent points.

While Brahme describes the influence of inhomogeneities
of the dose distribution on the treatment outcome in terms
of changes of the TCP, Niemierko established a direct relation
between the so called Effective Uniform Dose (EUD) and the
dose distribution.'? In principle, the EUD was defined as the
equivalent dose, which if distributed uniformly across the tar-
get, would lead to the same TCP as the actual dose distribution.
The dependence of the EUD on the standard deviation will be
addressed in another paper.

Most often, the homogeneity of dose distribution in the
PTV is evaluated with the maximum and minimum doses
in the PTV. Gradually, this policy is being replaced with the
method proposed by the ICRU 83, namely the Homogeneity
Index. These changes come from the obvious observation that,
clinically, not only the value of minimum dose is important but
also the volume of target which absorbs doses smaller than the
prescribed one. Itis also well known that the uncertainty of the
minimum dose calculation is much larger than the calculation
of dose to any other point of CTV. The point were minimum
dose is obtained is often located in a high-gradient region at
the edge of the PTV. This makes it highly sensitive to the reso-
lution of the calculation, the algorithm used by the treatment
planning system and the accuracy of contour delineation.’*

Our result is also important from a practical point of
view. There are treatment planning systems which do not
provide the standard deviation (e.g. the XiO, Nucletron). We
have shown that the Homogeneity Index can be used as
a surrogate of the standard deviation. However, in each
radiotherapy center the correleation between the standard
deviation and the Homogeneity Index may be described by

different mathematical formula and should be obtained sep-
arately for each location.

5. Conclusions

There is a very good correlation between the standard devi-
ations and the Homogeneity Indexes regardless if the ICRU
83 or Yoon definitions are used. The mathematical formula
describing the dependence of each pair of dose distribution
indices should be defined for each location and each center
separately.
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