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A Simple Scoring Method to Calculate the Homogeneity
and Coverage Indices of Dose Volume Histogram

Myonggeun Yoon, Sung Yong Park, Dongho Shin, Junghun Park,
Se Byeong Lee, Dae Yong Kim, Joo-Young Kim, Kwan Ho Cho

Research Institute and Hospital, National Cancer Center, Goyang, Korea

The goal of this study was to develop new indices for effectively evaluating the dose coverage and
homogeneity based on the target-volume dose-volume histogram (TV-DVH) of intensity-modulated radio-
therapy treatment plans. A new coverage index and a new homogeneity index were developed by integrating
a modified TV-DVH and by fitting a TV-DVH with a modified step function, respectively. The coverage index,
named the /-index, indicates whether the dose coverage for the target volume is adequate based on
user-defined criteria. A lower /-index indicates higher dose coverage of the tumor volume. The index for
assessing dose homogeneity in a target volume, named the n-index, is more accurate than the conventional
method in evaluating the dose homogeneity in a tumor volume. The baseline treatment plan for a target
volume coverage and homogeneity is discussed. The proposed simple indices have been demonstrated to be
effective in evaluating the dose coverage and homogeneity for TV-DVHSs.
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INTRODUCTION

The objective of radiotherapy is to deliver a therapeutic
dose to a well-defined target while minimizing the dose to the
surrounding normal tissue and critical organs. Maximizing the
probability of controlling a tumor without an excessive risk of
radiation damage requires optimization of the (i) conformity
of the isodose to the target lesion, (ii) dose homogeneity
within the target, and (iii) dose coverage in the planned target
volume (PTV) within the tolerance level to the surrounding
normal tissue and critical organs.l‘s) To accomplish these
goals of radiotherapy it is necessary to have a simple and
universal scoring system for evaluating (and comparing) alter-
native treatment plans.

The dose-volume histogram (DVH) can provide an ade-
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quate assessment of target coverage based on a coverage
index, which is defined by the percentage of tumor volume
receiving a prescribed radiation dose (Dp).ﬁ'lo) An ideal tumor
DVH (or target-volume DVH: TV-DVH) would be a step
function, whereby 100% of the target receives exactly the
prescribed dose (i.e., 100% of the prescribed level), but real
DVH curves deviate from the step function and hence the
tumor receives less than the 100% of D, under the restrictions
of dose constraints. A guideline of the Radiation Therapy
Oncology Group (RTOG) specifies the clinically acceptable

11 Ve ..
) The no-variation conditions

target volume coverage (TVC).
recommended by RTOG are (i) no more than 20% of any
PTV will receive >110% of its prescribed dose, (i) the
prescription dose is the isodose that encompasses at least 95%
of the PTV, (iii) no more than 1% of any PTV will receive
<93% of its prescribed dose. The last two conditions suggest
that coverage indices at D, and at 93% of D, should be more
than 95% and 99%, respectively. Although such criteria are
generally useful in evaluating the dose coverage of the TV-
DVH, there are still some remained problems. Firstly, they
provide no quantitative index for comparing rival treatment
plans. Secondly, the coverage index defined by some points

of the DVH may give inaccurate information about the actual
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dose coverage within the tumor volume.

Fig. 1 shows the two TV-DVHs with the same coverage
index of 80% TVC at D,. However, this coverage index gives
incorrect information since the dose coverage of the tumor
volume is clearly better for DVH 2 than for DVH 1 based on
the entire DVH curve. As another example, the two TV-
DVHs in Fig. 2 are for the no-variation criterion recom-
mended by RTOG. DVH 1 in Fig. 2 fulfills the no-variation
criterion since the dose coverages at D, and at 93% of D, are
about 95% and 99%, respectively. In contrast, DVH 2 in Fig.
2 fails to meet the RTOG criterion since the dose at D, is
about 90% (i.e., less than 95%). A comparison of the dose
coverage for the PTV based on the RTOG no-variation
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Fig. 1. An example of two TV-DVHs whose coverage indices
are the same although the real dose coverages are different.
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criterion reveals that the coverage of DVH 1 is better than
that of DVH 2. However, as seen in Fig. 2b, the actual dose
coverage of DVH 2 is much better than that of DVH 1. This
discrepancy is due to the definition of the coverage index,
which indicates that the dose coverages at D, and at 93% of
D, do not represent the dose coverage for the entire DVH
curve. Therefore, to properly compare the dose coverage for
the PTV or tumor controllability between rival treatment
plans, it is essential to quantify the dose coverage for the
PTV based on entire DVH curves.

The DVH can also provide the dose homogeneity based on
the homogeneity index (#-index) defined by the ratio of the
maximum dose (Dma) in the tumor volume to D, or the
uniformity index (u-index) defined by the ratio of Dpax to the
dose covering 95% of the PTV.>'>"? In addition to the A- index
and u-index introduced previously, there is another definition
for homogeneity index called HI, which is defined as follows.'"

Dy— Dy

D prescription
D, and Dy represent the dose to the 2% and 98% of the

volume, respectively. In this definition, Dog and D, are con-

HI= x100% ey

sidered as minimum and maximum doses, respectively. As we
can see from the definition, lower HI values are indicative of
a more homogeneous target dose. These indices have been
considered sufficient for quantifying the dose homogeneity in
a tumor volume. However, obtaining a complete understand-
ing of the dose homogeneity of the entire target requires

consideration of the entire DVH curve due to the possibility
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Fig. 2. (a) Two TV-DVHs whose coverage indices are difficult to compare. (b) Magnification of (a).
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of the currently used indices producing erroneous information
about the dose homogeneity within the tumor volume under
certain conditions (as illustrated in Fig. 1 and 2). For in-
stance, consider the two pairs of TV-DVHs in Fig. 3, Fig. 3a
shows two TV-DVHs whose #-indices are 1.07 (DVH 1) and

DVH 4 is better than that of DVH 3. Like the coverage
index, this mismatch between the real dose homogeneity in a
PTV and its index is also attributable to the current definition
used, which is based on the doses at certain points of the

DVH rather than the entire DVH curve. This result suggests
1.10 (DVH 2), which seem unreasonable values if the entire

DVH curve is considered. Although the A-index of DVH 2 is
higher than that of DVH 1, the dose homogeneity of DVH 2
is clearly better than that of DVH 1. Like the homogeneity

index, the uniformity index could also give incorrect informa-

the need for a new type of homogeneity index that is based
on information from the entire DVH curve.

In this study, we examined the dose coverage and homoge-
neity for PTVs based on a mathematical approximation of the

TV-DVH, and developed new indices that provide objective
tion under certain conditions. Fig. 3b shows an example of

scores of the dose coverage and homogeneity for the PTV in
this. Although the u-index of DVH 4 in Fig. 3b is higher

a radiotherapy treatment plan.
than that of DVH 3, the dose uniformity (or homogeneity) of
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Fig. 3. (a) Two TV-DVHs whose homogeneity indices are difficult to compare. (b) Two TV-DVHs whose uniformity indices are
difficult to compare.
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Fig. 4. (a) A patient's TV-DVH and (b) corresponding I-index.
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MATERIALS AND METHODS

1. Coverage index based on integration of the TV-
DVH

As a first step to quantify the TVC for each treatment plan,
the TV-DVH was integrated from 0 to 100. By definition, the
integration of an ideal TV-DVH (i.e., a step function) is
10,000, and hence a smaller difference between 10,000 and
the actual integrated value of a patient’s TV-DVH indicates a
better dose coverage for the PTV. Based on this fact, we

have defined a new coverage index, named the I-index, as

I = j;"o 100 - V (x)dx )

where V and y represent the volume and dose percentages
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of a DVH, respectively. Fig. 4a and b show a patient’s TV-
DVH and the corresponding I-indices defined by Eq. (2).

To confirm the validity of this index, we reexamined the
cases shown in Fig. 1 and 2. Fig. 5a and b reveal the
[-indices for the two TV-DVHs in Fig. 1: the value of 92.9
for the I-index of DVH 1 in Fig. 1 is much larger than that
of 31.8 for DVH 2 in Fig. 2, which indicates that the TVC of
DVH 2 is much better than of DVH 1, and corresponds well
with the real dose coverage. As another example, Fig. 5c, 5d
show the [-indices for the two TV-DVHs in Fig. 2 As for the
Iindex in Fig. 5a, 5b, the [-index accurately represents the
dose coverage for the PTV based on the integration of entire
DVH curves. Although the DVH 2 does not fulfill the RTOG
no-variation criterion, the coverage of DVH 2 is much better
than the coverage of DVH 1. This result shows that the I-
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Fig. 5. (a) I-index for DVH 1 in Fig. 1. (b) [Mindex for DVH 2 in Fig. 1. (¢) Iindex for DVH 1 in Fig. 2a. (d) l-index for DVH 1

in Fig. 2a.
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index is more effective than the conventional coverage index.

The new index based on the analysis of an entire DVH curve

matches the real dose coverage and is suitable for scoring the

TVC under various conditions.

2. Homogeneity index based on fitting the TV-DVH to

a modified step function

The Heaviside step function H (x), sometimes called the

unit step function, is a discontinuous function whose value is

0 for negative arguments and 1 for positive arguments’'”:

H )_[O:x<0
* —ﬁlzx>0

To apply the step function to a TV-DVH, one of the
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conventional step functions was modified as follows:

X—-a

V{x)=100-e—€ *

*

where V and yx represent the volume and dose percentages of

a TV-DVH, respectively. The plots in Fig. 6 show this

function for various values of n and a. For a fixed a value,

as n decreases the plot approaches the ideal unit step function

(i.e., with a faster fall-off rate). As a first step to quantifying
the dose homogeneity for different treatment plans, a real

patient’s TV-DVH was fitted by a modified step function.

Fig. 6b shows the patient’s TV-DVH and its corresponding
fitted curve, which indicates that the TV-DVH is well fitted
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Fig. 6. (a) Example modified step functions for various n values. (b) A patient’s TV-DVH and the corresponding fitted function, for

which the reduced x” is 0.19.
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Fig. 7. Examples of the n-index method for (a) the two TV-DVHs in

Fig. 3a, and (b) the two TV-DVHs in Fig. 3b.
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(reduced xz value of 0.19). This result shows that a con-
ventional TV-DVH can be well approximated by the step
function with appropriate parameters.

In general, both the h-index and the u-index vary with the
fall-off rate of a DVH curve, showing values close to one
(i.e., higher homogeneity) for a DVH with a faster fall-off
rate. Therefore, a lower value of n (ie., the n-index) in the
fitting function (Eq. 4) indicates a faster fall-off rate of the
DVH curve and a corresponding higher homogeneity. The
essential difference between the n-index and the conventional
homogeneity index is that n-index is evaluated based on the
entire DVH curve and represents the dose homogeneity based
on the fall-off rate. To confirm the effectiveness of this index,
we reexamined the two pairs of TV-DVHs in Fig. 3, and

show the corresponding n-indices in Fig. 7. Unlike the u-
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index and the h-index, the n-index provides no incorrect
information on the homogeneity in the tumor volume: DVH 2
and DVH 4 represent a better dose homogeneity than do
DVH 1 and DVH 3, respectively.

RESULTS

Fifty-six TV-DVHs obtained with BrainSCAN planning
software (ver. 5.2; Brainlab, Germany) were used to explore
the effectiveness of the I-index. Fig. 8 shows some typical
examples of various TV-DVHs with the corresponding indices:
99.4%, 93.3%, 88.3%, and 59.0% TVC at the prescription
dose. Fig. 8 shows the clear relationship between the I-index
and the dose coverage: a lower I-index cotresponds to a better

DVH, with higher dose coverage for the PTV. To confirm the
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Fig. 8. Typical examples of various dose coverages with the corresponding I-indices: (a) 99.4%, (b) 93.3%, (c) 88.3%, and (d) 59.0%

TVC at the prescription dose.
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Table 1. Summary of the /~index and dose coverage
in tumor volumes for 56 patients TV-DVHs.

Number Average Average Average

Findex  of TVC at  TVC Clasf‘f;;aé‘o“
TV-DVHs Lindex 93% of D, at D,  °
0<I<1 7 0.2 100 99.7 Outstanding
1<I<10 10 65 999 952 Very good
10<I<20 8 142 997 924 Good
20<[<100 13 406 992 815 Fair
1>100 18 6735 56.8 21.8 Unacceptable

Table 2. Summary of homogeneity and uniformity indi-
ces for various n-indices.

eindex Number Average Average Average Clasm(f)lfcatlon
TV-DVHs h-index u-index n-index .
homogeneity
0<n<1 9 1.05 1.05 053  Outstanding
1<n<2 25 1.08 110 1.58 Good
2<n<3 9 110 113 253 Fair
n>3 13 1.06 1.30 4.62 Poor

relation between the I-index and dose coverage, a summary of
the homogeneity and uniformity indices for various n-indices
for the TV-DVHs of 56 patients is provided in Table 1.
For simple evaluation of the dose coverage of the tumor,
the TVC of the TV-DVHs have been categorized based on
the I-index as shown in Table 1. TV-DVHs with an I-index
of less than 1 are classified as indicating an “outstanding”
TVC. The prescription dose in this category is typically the
isodose that encompasses at least 99% of the PTV. The next
grade of TV-DVHs, for which the I-index is greater than 1
but less than 10, was classified as “very good” since it also
shows a PTV coverage that is compatible with the RTOG
criterion. In contrast, TV-DVHs with an I-index greater than
100 are categorized as “clinically unacceptable”, since the
volume at prescription dose is too low to control the tumor
effectively, being on average 21.8% TVC. The extremely low
TVC in this category is mainly due to the criteria associated
with overdosing normal organs. The above results provide
evidence that the TVC is more accurately quantified and
evaluated by the I-index than by the currently used coverage

index.
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Fig. 9. An example patient TV-DVH for which n is greater
than 3.

To further investigate how the h-index and wu-index are
related to the n-index, we performed a statistical analysis. The
results are given in Table 2, which clearly show that the
n-index is generally proportional to both the u-index and the
h-index. In other words, a lower n-index indicates better
homogeneity and uniformity in the tumor volume, as we
expected. The only exception is that the h-index reveals
abnormal behavior when the n-index becomes greater than 3.
To investigate this further, we investigated a typical TV-DVH
in this category. The h-index and wu-index of the TV-DVH
shown in Fig. 9 are equal to 1.07 and 1.2, respectively. The
h-index indicates good homogeneity, but Fig. 9 contradicts
this. We attribute this discrepancy to the underdosed TV-
DVH, as already seen in Fig. 3a. Unlike the n-index and
u-index, when the TV-DVH is underdosed the k-index is no
longer useful for judging the dose homogeneity. This result
explains the unusual behavior of the A-index in Table 2, and
demonstrates that the n-index and u-index are more accurate
in evaluating the dose homogeneity in tumor volume than the
conventional s-index. The n-index is generally as effective as
the u-index in evaluating the dose homogeneity, and is better

than the u-index in some cases (see Fig. 3b).
DISCUSSION
We have defined the /-index for evaluating the target

coverage by the DVH. Table 1 indicates that a lower I value

indicates a better PTV coverage. However, although this index
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Fig. 10. Two TV-DVHs whose I-indices are same with (a) a fast fall-off rate and (b) a slow fall-off rate. (c) index of the TV-DVH
in (a). (d) l-index of the TV-DVH in (b). (¢) I-index of the TV-DVH in (a). (f) I-index of the TV-DVH in (b).

is good for most TV-DVH curves, it is insufficient for com-
paring the TVCs of rival treatment plans. For instance, the

two quite-different TV-DVH curves in Fig. 10a, 10b produce

the same [ indices, as seen in Fig. 10c, 10d. Clinically the
coverage of DVH 1 is considered better than the coverage of
DVH 2, since DVH 2 will result in more under-dosing within
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the tumor volume than will DVH."**"

This problem can be
solved by using a coverage index that is dependent on the
fall-off rate. We therefore modified the I-index with a weight-
ing factor and named it the i-index:. The i-index is strongly
dependent on the fall-off rates of DVH curves, and hence is
a better coverage index for DVHs with a fast fall-off rate. We
recalculated the coverage of DVH 1 and DVH 2 in Fig. 10a,
10b using the i-index. As expected, Fig. 10e, 10f indicate that
this new index works very well, in that it has a lower value
(higher coverage) for DVH | than for DVH 2.

There is another aspect to consider when comparing rival
treatment plans for the same PTV. Fig. 1la, 11b show two
TV-DVHs with their corresponding J-index and n-index values.

While the n-index indicates that the homogeneity of DVH 1
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is better than that of DVH 2, the I-index suggests that the
coverage of DVH 2 is better than that of DVH 1. It is
therefore difficult to compare these TV-DVHs based only on
these indices. Although DVH 1 shows good homogeneity, it
is basically underdosed since it shows low coverage. In con-
trast, the DVH 2 shows good coverage but is overdosed with
low homogeneity. In general, the beam intensity can be al-
tered to ensure that doses to critical organs are maintained at
acceptable levels, and this will shift the TV-DVH. When
comparing rtival treatment plans, the TV-DVH should be
considered under the same conditions, and hence should be
normalized. Among many possible normalization techniques,
we chose the simple method of shift the TV-DVH curves to
ensure that 95% of the PTV received the prescription dose. In
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Fig. 11. Comparison of various TV-DVHs for the same PTV. {(a) DVH 1, an underdosed TV-DVH. (b) DVH 2, an overdosed
TV-DVH. (c) DVH 1’, a normalized DVH 1. (d) DVH 2, a normalized DVH 2.
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the example considered here, DVH 1 in Fig. 11a was shifted
in the positive dose direction, and DVH 2 in Fig. 11b was
shifted in the negative direction. Fig. 11c, 11d clearly indicate
that DVH 1 is much better than DVH 2, both in homogeneity
and coverage. Therefore, whilst the I-index and the n-index
are very simple scoring methods for the dose coverage and
homogeneity, it may be necessary for the DVHs to be nor-

malized when comparing rival treatment plans.

CONCLUSIONS

Based on the functional approximation of the TV-DVH, we
propose new indices for the objective assessment of the dose
coverage and homogeneity of radiotherapy in a tumor volume.
We believe that newly proposed n-index supplements conven-
tional methods such as the uniformity index, the homogeneity
index and HI by providing complete information of the entire
DVH curve in a treatment plan. The result shows that the
proposed new homogeneity index is more accurate in evalu-
ating the degree of dose homogeneity and providing quanti-
tative information of dose homogeneity than the conven-
tionally used indices. It has been also shown that the new
coverage index indicates more accurately the degree of dose
coverage for the target volume revealing whether it is

adequate based on user-defined criteria.
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