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Objective: To present conformity indices (Cls) based on
the distance differences between the target volume (TV)
and the volume of reference isodose (V).

Methods: The points on the three-dimensional surfaces
of the TV and the Vg, were generated. Then, the
averaged distances between the points on the TV and
the Vg, were calculated (Clyistance)- The performance of
the presented Cls were evaluated by analysing six
situations, which were a perfect match, an expansion
and a reduction of the distance from the centroid to the
Vr compared with the distance from the centroid to
the TV by 10%, a lateral shift of the Vg, by 3cm,
a rotation of the Vg, by 45° and a spherical-shaped Vg,
having the same volume as the TV. The presented Cls

The goal of radiation therapy is the conformal delivery of
a prescription dose to whole target volumes (TVs) ho-
mogeneously, while minimizing the dose delivered to ad-
jacent normal tissues.'™ In order to achieve this goal,
various state-of-the-art techniques, such as intensity-
modulated radiation therapy and volumetric-modulated arc
therapy (VMAT) have gained popularity.”™"* A tool to com-
pare the quality of different plans in terms of target confor-
mity was required, thus the conformity index (CI) was
proposed by the Radiation Therapy Oncology Group (RTOG)
in 1993 and described in Report 62 of the International
Commission on Radiation Units and Measurements.'>'*

The CI is an indicator that assesses the degree of congru-
ence between a shape of the reference isodose volume (V)
and the shape of the TV. Two concepts are included in the

were applied to the clinical prostate and head and neck
(H&N) plans.

Results: For the perfect match, Clgistance Was O with O as the
standard deviation (SD). When expanding and reducing,
Clgistance Was 10 and —10 with SDs <1.3, respectively. With
shifting and rotating of the Vg, the Clgistance Was almost O with
SDs >11. The average value of the Clgistance in the prostate and
H&N plans was 0.13 +7.44 and 6.04 +23.27, respectively.
Conclusion: The performance of the Clgistance Was equal
or better than those of the conventional Cls.

Advances in knowledge: The evaluation of target con-
formity by the distances between the surface of the TV
and the Vg, could be more accurate than evaluation with
volume information.

CI, which are target coverage and degree of normal tissue
sparing in the proximity of the target. Although this could
be verified by a manual review of dose distributions cal-
culated on patient CT images slice by slice, detailed
comparisons among several treatment plans would be
inconvenient.” The conformity could also be verified by
reviewing dose—volume histograms (DVHs) of each
structure calculated by the treatment planning system.
Since the pre-requisite of the evaluation with DVHs is
the contouring of organs at risk (OARs), healthy tissues
crossed by the beam could not be taken into account owing
to the difficulties of contouring and the absence of suffi-
cient data concerning the dose—volumetric tolerance in-
formation of these tissues.” Therefore, a value to quantify
the conformity was needed, and various studies on the CI
have been performed.
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Table 1. Comparison of conformity indices
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Vi

Clrrog Clrroc=+% RTOG
CVF Cvr=lu SALT group
HTCI HTCI=TYu Lomax and Scheib'®

Modified HTCI

Modified HTCI=1Y"_ <T\>

Vi

Leung et al'/

CN CN=% X % van't Riet et al'® and Paddick®®
COIN COIN=CN X [ (1 — oot > Baltas et al*
COSI cosi=1— YO u Menhel et al*!
CGI¢=100 X ‘[,—1:; Wagner et al*2
CGI CGIc=100 — {100 X [(Ref 5000« — Refrre) — 0.3 cm]}
CGI*L(JI( ;Lub
CDI CDI:W Wu et al®®
DSC DSC=15 Dice®

CDI, conformity distance index; CGI, conformity/gradient index; Clgtos, conformity index by the Radiation Therapy Oncology Group; CN,
conformation number; COIN, conformity index; COSI, critical organ scoring index; CVF, coverage volume factor; DSC, dice similarity coefficient; HTCI,
healthy tissue conformity index; Nco, number of OARs; NTg,, normal tissue volume receiving the reference dose or more than the reference dose; OAR,
organ at risk; r, the number of targets with different reference doses; Resrsourx effective radius of the isodose line equal to 50% of the prescription
isodose volume; Regfrx, effective radius of the prescription isodose volume; RTOG, Radiation Therapy Oncology Group; SALT, Saint-Anne-
Lariboisiere-Tenon group; Sgy, surfaces of the Vg;; St\, surfaces of the TV; TV, volume of target volume; TV, target volume covered by the reference
isodose; TVg);, target volume covered by the ith reference dose; Vco,;, OAR volume; Vcoreris, OAR volume receiving at least the reference dose;
V(OAR)-+o), fractional volume of the OAR receiving more than a predefined tolerance dose; Vg, volume of the reference isodose; Vg, total isodose

volume of the ith reference dose.

As previously mentioned, the first CI was suggested by the
RTOG in 1993 (Clgrog)."* Even though this index is easy to
interpret, a false-perfect score could be acquired if the volume of
Vi and TV are the same, even though the shapes are different.
The Saint-Anne-Lariboisiére-Tenon group suggested the lesion
coverage volume factor (CVF)." This index could not evaluate
the irradiated volumes of normal tissues adjacent to the target.
Lomax and Scheib'® developed the healthy tissue CI (HTCI) to
reflect the irradiation of normal tissues by the reference dose.
However, this index could not provide exact information about
target coverage. Leung et al'” modified the HTCI to reflect nu-
merous reference doses to various targets. On the other hand,
the conformation number (CN) suggested by van’t Riet et al'®
and Paddick' could reflect both the target coverage and the
irradiation of normal tissues at the same time. Despite the ca-
pability of dual evaluation of the target coverage and the irra-
diation of normal tissue, it was not distinguishable which factor
lowered the value of the CN. Baltas et al*” suggested the COn-
formal INdex, which was a combination of the CN and the
terms accounting for OARs. This index could not provide dis-
sociable information either, and there were no considerations for
the tolerance levels of individual OARs. To overcome this
drawback, Menhel et al*' proposed the critical organ scoring
index to compare individual involvement of the OARs spe-
cifically at various dose levels. Wagner et al** proposed the
conformity/gradient index (CGI), which is an average of the
conformity score (CGI.) and gradient score (CGI,). The CGI, is
a value that takes into account the target conformity, similar to
the Clgroc. The CGI, takes into account normal tissue sparing
using the gradient method. This indicator also failed to

distinguish which factor lowered the value of CGI. Furthermore,
the CGI. displays the same limitation as the Clgrog, where
a false-perfect score is given to situations where the target and
reference dose have the same volume, but different shapes.
Dice” suggested the Dice similarity coefficient that is defined as
the intersection volume between the TV and the Vy;, divided by
the mean of the volumes of the TV and the Vi;.>* However, this
indicator was unable to distinguish overirradiation of normal
tissue from underirradiation of the TV. Wu et al*®> developed
a distance-based CI named the conformity distance index (CDI).
The CDI was a ratio of the undesirably irradiated volume in
both the target and normal tissues to the averaged surface area of
the TV and V. If the TV was separated from the Vy;, the value
of CDI would be the same regardless of the distance between the
TV and the Vg;. Recently, Cheung and Law*® proposed the CI
with dose and distance incorporated, taking into account the
spatial information of cold spots inside the planning TV (PTV)
with various different penalties. This index was based on the
assumption that the coverage of gross tumour volume (GTV) is
mandatory, and the cold spots are generally tolerable if they are
far from the GTV even though they are inside the PTV. Various
conventional CIs are summarized in Table 1.

Various Cls have been developed since 1993.%'77222>2¢ Most of
them are based on the calculation of the volumes of the TV and
the Vi>'>™* except for the Cls suggested by Wu et al*> and
Cheung and Law,*® which were based on the distances. The aim
of this study is to present new Cls based on the calculations of
distances between the surface of the TV and the Vy;. First, points
on three-dimensional (3D) surfaces of the TV and the Vi; were
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Figure 1. After the centroid of the target volume (TV) was defined, equiangular lines from the centroid were generated at intervals
of 1° in three-dimensional space. The points of intersection (POls) of the TV and the equiangular lines were defined. The POls of the
volume of reference isodose (V) and the equiangular lines were also generated (a). The distances from the centroid to the TV (D5)
and the Vg, (Dp) were acquired for the calculation of conformity indeXgistance (Clgistance) (0).

/

Point of in!ersec}b\

Volume of reference ispdose

(a) Point ofintersection

generated. Then, to evaluate not only the shape but also the
target coverage, including sparing of normal tissues, the average
distance between the points on the TV and the Vy; was calcu-
lated. The performance of the presented Cls were evaluated with
virtual structures and compared with those of conventional Cls.
Finally, the presented Cls were applied to the clinical prostate
and head and neck (H&N) VMAT plans.

METHODS AND MATERIALS

The generation of evaluation points

An in-house program written in MATLAB® v. 8.1 (Mathworks
Inc., Natick, MA), which allowed the import of TV and Vg
structure files in digital imaging and communications in medi-
cine (DICOM) format was used for the calculation of Cls. The
centroid of the TV was defined, then equiangular lines from the
centroid were generated at intervals of 1° in 3D space. The
points on the TV and Vy; surfaces intersecting with the equi-
angular lines were defined (Figure 1). When generating the
equiangular lines, we first used spherical co-ordinates to define
the points of intersection (POIs). We then converted the co-
ordinates of the POIs into Cartesian co-ordinates. Since the TV
and Vg structures in DICOM format were voxelized, sometimes
the equiangular lines passed between the points of the struc-
tures, thus the POI could not be defined. In this case, we took
the three points from the surface structure that were closest to
the equiangular line and evaluated the equiangular line inter-
sected with the triangle formed by the points. If the equiangular
line did not intersect with the triangle, we formed another tri-
angle by searching for the next closest point and evaluated
whether or not the equiangular line intersected with the new
triangle. When the equiangular line intersected the triangle, we
defined a plane containing the triangle. We then acquired a point
at the intersection of the equiangular and the defined plane.
Generally, one POI per line was generated for convex-shaped
structures and two POIs were generated for concave-shaped

Target structure Centroid

Volume of reference isodose

(b) Clstance

structures, since the centroid of the concave-shaped structure
was located outside the structure. The POIs of the prostate and
H&N VMAT plans are shown in Figure 2.

Conformity index based on distance (conformity
indeXgistance @Nd conformity indeXaps_distance)

The CI by an analysis of the distances between the surface of
the TV and the Vg; was named Clyjgance. Dt and Dy, were
defined as the distance from the centroid to the POI on the
TV and Vg, respectively (Figure 1). The Clgistance Was cal-
culated as follows:

Dp —Dr
Dr

== X100 1
S M

It=

CIdistance

In a similar way, the Clgjstance using the absolute value of the
differences in distance was calculated and named Cl,ps_gistance>
which was calculated as follows:

CIabs_distance =———X100 (2)

Both the Clgistance and Claps_distance become 0 when the TV
and Vg were matched perfectly. Larger values of Clyistance
and Cl,ps_distance indicate worse conformity. The standard
deviations (SDs) of the Clgisrance and Clyps_distance Were also
calculated. Since Dt was the denominator in Equations (1)
and (2), if Dt was 0, which meant the centroid was located at
the surface of the TV, both Clgjstance and Cl,ps_distance became
infinity. Therefore, Clyistance and Claps_distance could not be ap-
plied when the centroid was located at the surface of the TV. This
is a limitation of the presented Cls.

3 0of 13 birpublications.org/bjr

Br J Radiol;87:20140342


http://birpublications.org/bjr

BJR JM Park et al

Figure 2. The points of intersection (POls) between the equiangular lines and the target volume (TV) surface are shown with black
dots, while the POls between the equiangular lines and the surface of volume of reference isodose (V) are shown with grey dots.
POls from the prostate volumetric-modulated arc therapy (VMAT) plans (a) and the head and neck VMAT plans (b) are shown.

I

(a) Prostate (b) Head and neck
The equations can be applied to the convex-shaped structure as rules were (1) if there were two POIs on the surface of the TV or
it is. However, for the concave-shaped structure, the centroid Vo> the larger values of D and Dt were taken for analysis. (2) If
could be located outside of the TV. In order to resolve this there was no POI at the TV, a new line in the opposite direction
situation, we considered several cases (Figure 3). The general to the original equiangular line was generated and evaluated. (3)

Figure 3. Various situations where the equiangular lines intersect with the surface of the target volume (TV) and the volume of the
reference isodose (V) are illustrated. The first case is that the concave-shaped TV is covered fully by the Vi, (a). The second case is
that the concave-shaped TV is covered partially by the Vg, (b). The situation of the concave-shaped TV covered fully by the Vg, and
the centroid located inside the Vg, at the same time are shown (c¢). The last case is that the convex-shaped TV is covered fully by the
Vi ().

Case?2 Case3
Case4
Case7
Case8
Case8
(a) Concave-shaped TV with conformal V,, (b) Under-irradiated concave-shaped TV

Caseb

Case 8

(c) Over-irradiated concave-shaped TV (d) Convex-shaped TV
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Figure 4. The virtual structures to evaluate the performances of the presented conformity indices are illustrated. The structures were
a sphere-shaped (a), cubic-shaped (b), teardrop-shaped (c) and concave-shaped (d) structure. The volumes of all the structures
were 500 cm?. a, side of a cubic-shaped structure; h, height of a cone that is a component of a teardrop-shaped structure; |, length of
a concave-shaped structure; r, radius of a hemisphere; R, radius of a sphere-shaped structure; ry, inner radius of a concave-shaped

structure; r,, outer radius of a concave-shaped structure.

(a) Sphere

(b) Cubic

(c) Tear-drop

If the new line in the opposite direction had two POIs on the
surface of the TV or Vi, the smaller values of Dy, and Dy were
taken. (4) If there were two POIs at the TV and no POI at the
Vrp> the larger value at the TV was taken as Dy and the smaller
value at the TV was taken as Dp,. In this case, the value of the
difference had a minus sign, which induced that Clyisance had
a minus sign since the target coverage was insufficient. (5) If
there were no POIs at the TV and two POIs at the Vg, the larger
value at the Vi was taken as D and the smaller value at the Vi,
was taken as D, which induced a plus sign of Clgisance since the
target coverage was sufficient. With these general rules, we could
resolve the situation assumed in Figure 3.

Performance evaluations of the presented Cls with
virtual structures

The performance of the presented Cls were evaluated with vir-
tual structures and compared with conventional Cls. The virtual
structures used were a sphere, cubic structure, teardrop-shaped
structure and concave-shaped structure (Figure 4). Each struc-
ture had a volume of 500 cm’.

For each structure, a total of six situations were analysed
(Figure 5). The situations included a perfect match, an expan-
sion of the distance from the centroid to the Vx; compared with

(d) Concave

the distance from the centroid to the TV by 10% (named 10%
increase), a reduction of the distance from the centroid to the
Vg1 compared with the distance from the centroid to the TV by
10% (named 10% decrease), a lateral shift of the Vi by 3 cm,
a rotation of the Vg by 45° and a spherical-shaped Vg; with the
same volume as the TV. In the case of the sphere, the situation of
the rotation and the spherical-shaped Vy; were not performed
since there were no differences. The conventional Cls as well as
the Clgistance and the Clps_ distance Were calculated in these sit-
uations and compared with one another.

Performance evaluations of the presented Cls with
structures from the prostate and the head and

neck plans

The presented indices were applied to the TV and Vyg; in real
cases. The TV and Vg from five prostate and five H&N VMAT
plans were exported in DICOM format and then imported into
the in-house program. The isodoses of the prescription doses
that were 50.4 Gy for prostate VMAT plans and 54 Gy for
H&N VMAT plans were selected as reference isodoses, re-
spectively. The prostate VMAT plans were generated using
TrueBeam'™ STx with high-definition multileaf collimator
(MLC) (Varian Medical Systems, Palo Alto, CA), while the H&N
VMAT plans were generated using Trilogy™ with Millennium
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Figure 5. A total of six situations to compare the performances of the presented conformity indices are illustrated. The situations
were a perfect match (a), an expansion of the distance from the centroid to the volume of reference isodose (V) compared with
the distance from the centroid to the target volume (TV) by 10% (b), a reduction by 10% (c), a 3-cm lateral shift of Vg, (d), a 45°
rotation of Vg, () and a spherical-shaped Vg, with the same volume as the TV (f). The TV and the Vg, are delineated with solid and

dashed lines, respectively.

(a) Perfect match

-
o

(d) 3 cm shiftof Vg,

120™ MLC (Varian Medical Systems) in the Eclipse™
system (Varian Medical Systems). Not only the Clgisance and
ClLubs_distance but also conventional Cls were calculated for those
structures. The performance of the Clyistance and Clips_distance
were evaluated by a manual review of dose distributions calculated
on CT images slice by slice and compared with conventional Cls.

RESULTS

Results with the virtual structures

The values of Clyjstance and Claps_distance With conventional Cls
are listed in Table 2. In the situation of the perfect match, the
Claistance and Claps_distance Were 0 with SDs of 0 in every struc-
ture, which were perfect scores. The conventional Cls also
showed perfect scores in every structure.

In the situation of 10% increase, the values of Clyisance and
CLups_distance Were near 10 with SDs of near 0. Similarly, in
the situation of 10% decrease, the values of Clgisrance and
Clabs_distance Were near —10 and 10 with SDs of near 0, respectively.
Theoretically, the values of Clgistance and Clyps_distance Should be
exactly 10 or —10, not near 10 or —10. In addition, their SDs
should be exactly 0. However, the quantization effect due to the
voxelized grids of the structures made for some uncertainties in
the results, hence the SDs were near 0 and not exactly 0. The
value of Clgrog was 1.33 in the situation of the 10% increase,
indicating that the volume of Vg was larger than the volume of
TV by as much as 33%. In the situation of the 10% decrease, the
value of Clgrog was 0.73, indicating that the volume of Vi was
smaller than the volume of TV by as much as 27%. The CVF
showed a false-perfect score for the 10% increase, while the

(e) 45° rotation of Vg,

(c) 10% decrease

_—_—-

(f) Sphere of equivalent volume

HTCI showed a false-perfect score for the 10% decrease. The
value of CVF in the situation of the 10% decrease was similar to
the value of the HTCI in the situation of the 10% increase, which
were 0.73 and 0.75, respectively. The values of CN in both the
situations of the expansion and reduction were almost the same as
each other. Similarly, the values of CDI in both the situations of
expansion and reduction were also almost the same as each other.
Neither the CN nor the CDI make it possible to distinguish the
situation of unnecessary irradiation of normal tissue from the
situation of underirradiation of the TV by a prescription dose.

When shifting the Vi; by 3cm, the values of Clyisance Were
almost 0 with SDs ranging from 24 to 31. The values of
ClLabs_distance Were >15 with SDs >16 in every structure. The
Clrrog showed a false-perfect score in this situation. Since the
non-overlapped volumes of the TV and the Vg; were the same in
the situation of shifting, the value of CVF was the same as the
value of HTCIL.

In the case of rotation, the values of the Clysance Were near
0 with SDs >16. The values of Cl,_gistance ranged from 13 to 23
with SDs >11. The Clgrog showed a false-perfect score. Similar
to the situation of shifting, the non-overlapped volumes of the
TV and the Vy; were the same when rotating the structure,
therefore, the value of CVF was the same as the value of HTCI.

In the situation of the equivalent sphere, the values of Clyisiance
ranged from —7 to 15 while those of Cl,ps_gistance ranged from
11 to 15. The Clgrrog also showed a false-perfect score in this
situation.
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Results with the structures from the prostate and the
head and neck volumetric modulated arc

therapy plans

The values of the Clyistance and Claps_distance With their SDs are
listed in Table 3. All the CIs calculated from the prostate VMAT
plans showed lower values with lower SDs than those from the
H&N VMAT plans. The average values of the Clyjsance and
Clps_distance I the prostate plans were 0.13 = 7.44 and 4.71 * 5.81,
respectively. The average values were 6.04 = 23.27 and 10.98 *
15.19 in the H&N plans, respectively. In prostate plans, Clrrog
ranged from 0.97 to 1.02, while Clgrog ranged from 1.86 to 2.38
in the H&N plans. The CVF and HTCI ranged from 0.92 to 0.94
in the prostate plans. In the H&N plans, the CVF showed almost
perfect scores while the HTCI ranged from 0.42 to 0.53. The
values of the CN were relatively low in the H&N plans compared
with the prostate plans owing to the low values of HTCIL. The
average value of the CDI was 0.44 cm in the prostate plans and
1.59cm in the H&N plans. Among the five prostate VMAT
plans, the value of Clyisance from Plan 1 showed the best score,
which was the closest value to 0, while Clyjsance from Plan 3
showed the worst score, which was the largest absolute value
with the largest value of SD. Among the five H&N VMAT plans,
the Clgistance from Plan 1 was the best, while the Clgjsiance from
Plan 4 was the worst. The TV and Vg of prostate Plans 1 and 3
at the representative axial CT slice are shown in Figure 6, while
those of the H&N Plans 1 and 4 are shown in Figure 7.

DISCUSSION

The values of Clyisrance and Clyps_distance €an provide useful in-
formation when they are used in combination with their SDs.
When both the values of Clgistance and Clyps_distance and their SDs
were 0, it indicated a perfect match of the TV and the Vg;. The
Cliistance and Claps_distance Make possible the evaluation not only
of the congruence in shape between the TV and the Vi; but also
the degree of the target coverage and the sparing of normal
tissue. If the values of Clgiseance and Clyps_distance Were not 0 and
their SDs were 0, this indicated a perfect match only in shape
but not in size between the TV and Vy;. The Cls distance does
not give information about the target coverage. On the other
hand, the Clgjsance With a plus sign indicated that the Vi gen-
erally exceeded the TV, which means the irradiation of normal
tissue by the reference dose, while a minus sign indicated that
the prescription dose was not delivered to the whole volume
of the target. If the shape and size of the underdosed volume
in the target were the same as those of the overdosed volume of
normal tissue, and the centroid was located in the overlapped
region between the TV and Vy, then the value of Clgisrance Was
near 0 owing to the distances with plus signs were cancelled out
by the distances with the minus signs irrespective of the target
coverage. However, in this situation, the SD of Clgsiance Was not
0, which was 0 in the perfect match. Therefore, this kind of
mismatch could be identified when there is a large SD.

The Clgrog showed a false-perfect score when the volume of the
TV and the Vg; were the same. When the TV was included in the
Vi, the CVF also resulted in a false-perfect score, since CVF is
a ratio of the volume of the TV covered by the V; to the volume
of the TV. If the TV is included in the Vy;, the numerator
becomes the same as the denominator, and the CVF becomes

BUR

one, a perfect score. Similar to this, the HTCI showed a false-
perfect score when the Vg; was included in the TV. The CN and
the CDI did not distinguish the 10% decrease from the 10%
increase showing similar values to each other. On the other
hand, the Clgsance combined with the value of SD made it
possible to distinguish the differences in all situations and never
showed a false-perfect score in the situations analysed in this study.

When applying the presented Cls to the prostate and the H&N
VMAT plans, the CIs of the prostate plans were smaller than
those of the H&N plans, which indicated better conformity. This
was reasonable since the conformities of the prostate plans were
generally better than the H&N plans as shown in Figures 6 and
7. To review the results of the prostate plans, Plan 1 showed the
best score in Clgisrances While Plan 3 showed the worst score. By
a manual review of each CT slice, we concluded that the con-
formity of Plan 1 was slightly better than that of Plan 3, as
shown in Figure 6. However, the CVE, CN and CDI showed
better scores in Plan 3 than in Plan 1, which was not true. The
Clrtog and HTCI showed better results in Plan 1 than in Plan 3.
The Clgrrog indicated that the volume of Vi was larger than
that of TV in Plan 3 compared with Plan 1. Furthermore, the
HTCI was closer to 1 in Plan 1 than in Plan 3, which indicated
that the normal tissue irradiation was higher in Plan 3 than in
Plan 1. These results were congruent with the result of Clgistance
which was —0.24 in Plan 1, indicating that the average distance
from the centroid of TV to the surface of TV was generally
smaller than the average distance from the centroid to the sur-
face of Vi by 0.24%. In Plan 3, the value of Clysiance Was 1.89,
which means that the volume of Vy; generally exceeds the vol-
ume of TV resulting in irradiation of normal tissue adjacent to
the target by the prescribed dose. The CVF indicated that the
target coverage was better in Plan 3 than in Plan 1. This was also
congruent with the result of Clgisances since the value of Clyistance
was relatively large in Plan 3 compared with Plan 1 with a plus
sign. However, the differences of the conventional CIs as well as
the presented Cls were not large enough to induce clinical sig-
nificance. Even though we concluded that Plan 1 was slightly
better than Plan 3 in terms of target conformity, the differences
were negligible. In Plan 5, the value of Clgisance had a plus sign
although the value of CVF was 0.92, which means that the whole
volume of TV was not covered by the V. Therefore, the users
should keep in mind that Clgsance does not always provide the
exact information about the target coverage. Since Clgsance 1S an
average value, it is able to show the overall tendency when the
Vi exceeds the TV or vice versa. The plus sign of Clyjstance does
not always indicate full coverage of the TV by the V.

To review the results of the H&N plans, Plan 1 showed the best
score in Clyjstances While Plan 4 showed the worst score. We also
observed slightly better conformity in Plan 1 than in Plan 4 by
a manual review of CT slices as shown in Figure 7. The values of
CVE HTCI and CN from Plan 1 were the same as the values of
Plan 4 even though the conformity of Plans 1 and 4 were not the
same. The CDI showed better conformity in Plan 1 than in Plan
4, showing congruence with the results of Clgistance- On the
contrary, Clgrog indicated that the volume of Vg was 2.37
times larger than the volume of TV in Plan 1, while the Vg; was
2.34 times larger than the TV in Plan 4. Since the CVF and
HTCI indicated that the TV was included in the Vp;, and the
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Figure 6. The axial CT slices showing target conformities in the prostate volumetric modulated arc therapy (VMAT) plans are shown.
The target volume (TV) and the volume of reference isodose (V) are delineated with inner and outer lines, respectively. A total of
five prostate VMAT plans were investigated, with plan 1 showing the best score of conformity indexgistance (Clgistance) Which was
—0.24 = 6.60 (a) and plan 3 showing the worst score of Clgistance With a value of —1.89 + 9.98 (b) is shown. A better match in shape at

plan 1 than in plan 3 can be identified.

(a) TV and Vg, of prostate plan 1

CDI and the Clgistance indicated that the Vyy was larger than the
TV in Plan 4 than in Plan 1, the value of Clgyrog seems con-
tradictory to the results of the other ClIs. This is because the
Clgrog is a ratio value between the TV and Vg;. The absolute
volume of TV and Vy; were larger in Plan 4 (1421.4 cm? of Vg
and 606.2cm® of TV) than in plan 1 (1206 cm’® of Vg and
507.9 cm® of TV). This resulted in the contradictory value of
Clrroc-. In the H&N plans, the differences between Plans 1 and
4 were also not significant.

(b) TV and Vy, of prostate plan 3

Since the POIs in this study were defined at the equiangular lines
from the centroid of the TV, the resolution of the POI could vary
according to the volume of TV or Vg;. However, even for a large
sphere-shaped TV, which has a diameter of 20 cm, the interval
between the adjacent POIs is <1.8 mm, since the interval be-
tween each equiangular line was 1°. Although the resolution of
POI was dependent on the volume of TV or Vg;, we believe that
the resolution would be fine enough to evaluate the conformity
even for a large volume of TV or Vy; in the clinic.

Figure 7. The axial CT slices showing target conformities in the head and neck volumetric modulated arc therapy (VMAT) plans are
shown. The target volume (TV) and the volume of reference isodose (V) are delineated with inner and outer lines, respectively. A
total of five head and neck VMAT plans were investigated, with Plan 1 showing the best score of the conformity indeXgistance
(Clgistance) that was 5.14 + 22.10 (a) and Plan 4 showing the worst score of Clyistance With a value of 6.99 = 25.05 (b). A better match in

shape at Plan 1 than in Plan 4 can be identified.

(a) TV and Vg, of headand neck plan 1

(b) TV and Vi, of headand neck plan4
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Every conventional CI gave specific information on the target
conformity according to its own definition. On the other hand,
the presented Clyjstance Was able to give more comprehensive
information than the conventional CIs. However, the limitation
of the presented CIs was that they could not be applied when the
centroid was located on the surface of the TV. Another limita-
tion of the presented Cls was that these were incomplete to
provide full information on target conformity unless these were
combined with the values of SDs. An evaluation with two var-
iables would be more confusing than that with a single variable
and this was a limitation of the presented Cls. In addition, the
maximum number of POIs per equiangular line for a single
structure was assumed to be two in this study, therefore, when
the equiangular line intersects with the surface of the structure
three or more times, the presented Cls could not be used. We
assumed these situations, where the centroid was located exactly
at the surface of the TV or the number of POIs per equiangular
line for a single structure was more than or equal to three, would
rarely occur in the clinic. Even though some uncertainties
existed in the presented Cls owing to the quantization effect of
the voxelized grid of the structures, it was not difficult to eval-
uate the target conformity with the presented CIs since this
uncertainty was <1.3%, as shown in the results. The appropriate

IM Park et a/

values of Clgistance and Clop_gistance i the clinic were not in-
vestigated in this study and are left for future investigation.

CONCLUSION

The Clgistance and Clips_distance based on the analysis of the dis-
tances between the TV and the Vy; were presented and evaluated
in this study. The Clgsance With SD demonstrated better per-
formance than the Cl,ps gistancee When the conventional CIs
resulted in false-perfect scores in some situations, Clgisance
combined with SD did not show a false-perfect score. The
Clgistance Mmakes it possible to evaluate the target conformity
comprehensively, considering not only the target coverage but
also the irradiation of normal tissue adjacent to the target by
the prescribed dose. However, it does not always provide the
exact information about target coverage or irradiation of
normal tissue since the Clgjsance 1S an average value. It is able
to show the overall tendency when the Vy; exceeds the TV or
vice versa.
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