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Heterogeneity correction algorithms can have a large impact on the dose distributions of stereotactic body
radiation therapy (SBRT) for lung tumors. Treatment plans of 20 patients who underwent SBRT for lung
tumors with the prescribed dose of 48 Gy in four fractions at the isocenter were reviewed retrospectively
and recalculated with different heterogeneity correction algorithms: the pencil beam convolution algorithm
with a Batho power-law correction (BPL) in Eclipse, the radiological path length algorithm (RPL), and the
X-ray Voxel Monte Carlo algorithm (XVMC) in iPlan. The doses at the periphery (minimum dose and
D95) of the planning target volume (PTV) were compared using the same monitor units among the three
heterogeneity correction algorithms, and the monitor units were compared between two methods of dose
prescription, that is, an isocenter dose prescription (IC prescription) and dose—volume based prescription
(D95 prescription). Mean values of the dose at the periphery of the PTV were significantly lower with
XVMC than with BPL using the same monitor units (P <0.001). In addition, under IC prescription using
BPL, RPL and XVMC, the ratios of mean values of monitor units were 1, 0.959 and 0.986, respectively.
Under D95 prescription, they were 1, 0.937 and 1.088, respectively. These observations indicated that the
application of XVMC under D95 prescription results in an increase in the actually delivered dose by 8.8%
on average compared with the application of BPL. The appropriateness of switching heterogeneity correc-
tion algorithms and dose prescription methods should be carefully validated from a clinical viewpoint.
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therapy

INTRODUCTION

Stereotactic body radiation therapy (SBRT) for early-stage
lung cancer is a non-invasive cancer treatment with an in-
novative radiotherapeutic technique. Various recent studies
of SBRT have yielded promising clinical results [1-11]. In
addition, some prospective multi-institutional trials of
SBRT have recently reported high control rates and favor-
able outcomes for inoperable or elderly patients. In the
Radiation Therapy Oncology Group (RTOG) 0236 trial, a
phase II trial of SBRT for medically inoperable stage I/II

non-small cell lung cancer (NSCLC), the 3-year local
control and overall survival rates were 98 and 56%, respect-
ively [12]. In the Japan Clinical Oncology Group (JCOG)
0403 phase II trial, those rates were 86 and 76%, respect-
ively, in operable patients with stage IA NSCLC [13].

The influences of heterogeneity correction on dose distri-
bution have been reported for SBRT of lung cancer
[14-18]. These studies compared treatment plans using
pencil-beam algorithms with those recalculated with convo-
lution superposition-type algorithms or the Monte Carlo
algorithm, and all indicated that the dose to the periphery
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of the planning target volume (PTV) was overestimated
when using pencil-beam algorithms depending on the field
size and the energy of the beam. On the other hand, the
methods of dose prescription have changed from prescription
at the isocenter point of the treatment plan (IC prescription)
to prescription dose at the periphery of the PTV, for
example, the dose to cover 95% of the PTV (D95 prescrip-
tion). In the USA, 60 Gy in 20-Gy fractions is delivered to
95% of the PTV (D95 prescription) in the RTOG 0236
protocol [19]. In Japan, D95 prescription was adopted in the
JCOG 0702 phase I trial instead of the IC prescription
adopted in the previous JCOG 0403 phase II trial.

SBRT for lung cancer has been implemented in our insti-
tute since 1998, and this method has been applied to more
than 400 patients with lung cancer to date. We initially per-
formed SBRT with a linear accelerator (Clinac 2300C/D;
Varian Medical Systems, Inc., Palo Alto, CA) and treatment
planning was performed with CadPlan and Eclipse (Varian
Medical Systems, Inc.) using the pencil beam convolution
algorithm with a Batho power-law correction (BPL). Since
the middle of 2009, however, we have switched to the
Novalis system (BrainLAB AG, Feldkirchen, Germany)
and the iPlan 4.0 treatment planning system (BrainLAB
AG) with an X-ray Voxel Monte Carlo (XVMC) dose cal-
culation engine.

To make the best use of previous experience and ensure
consistent SBRT treatments using the new heterogeneity
algorithm, it is important to verify the difference in dose
distributions between BPL and XVMC. The present study
was performed in order to evaluate the impacts of different
heterogeneity correction algorithms on dose distributions of
SBRT for lung tumors. We compared the dose—volume sta-
tistics for the target and normal lung tissue among different
heterogeneity correction algorithms using the same monitor
units. In addition, we also compared the results of two
types of dose prescription: IC prescription and D95
prescription.

MATERIALS AND METHODS

The data of the computed tomography (CT) scans of 20
patients with solitary primary lung tumors who underwent
SBRT between March 2006 and February 2007 were used,
and the treatment plans were recalculated with different
dose calculation algorithms in the present study. Nine and
11 patients had tumors in the left and right lung, respective-
ly. Treatment planning included delineation of target and
normal lung volumes, arrangement of irradiation beams and
dose calculation using treatment planning systems.

Delineation of target and normal lung

Internal target volumes (ITVs) were delineated on the
long-scan-time CT images with a rotation time of 4 s,
including the motion blurs around lung tumors. PTVs

Table 1. Characteristics of the targets
Location [pts] left lobe 9
right lobe 11
Volume [ml] ITVs 14.6+11.1 (3.7-46.5)
PTVs 345+19.6 (13.5-88.0)
Shortest distance between IC 1.7+1.0 (0.7-4.6)
and chest wall [cm]
Shortest distance between 0.0+£0.8 (0.6 to 2.3)
PTV margin and chest
wall [cm]
Data are shown as means+SD (range). SD =standard

deviation, ITV =internal target volume,
target volume.

PTV = planning

were created by adding 5-mm margins to the ITVs in all
directions. Normal lung volumes were defined as the bilat-
eral pulmonary parenchyma outside the PTV [20].
Characteristics of the targets are shown in Table 1.

Beam arrangement and dose calculation

for clinical plans

We used Novalis (BrainLAB AG) for the present study,
and arranged six static beams (two coplanar beams and
four non-coplanar beams) with 6-MV X-rays. A 5-mm
margin was uniformly added to the PTVs to create
the shape of the MLC for each port [20]. The prescrip-
tion dose was 48 Gy in four fractions (12 Gy per
fraction) at the isocenter. We calculated the dose distri-
butions with Eclipse 7.3 (Varian Medical Systems, Inc.)
using beam data obtained from the Novalis system pre-
pared for Eclipse. BPL was used for heterogeneity
correction.

Recalculation of dose distribution

These treatment plans were recalculated with iPlan 4.0
(BrainLAB AG) using a fully commissioned radiological
path length algorithm (RPL) and XVMC for heterogeneity
correction using the same monitor units as the plans
described above with Eclipse.

In all plans with the three different heterogeneity correc-
tion algorithms, all factors except the heterogeneity correc-
tion algorithm, such as target volumes (ITV and PTV) and
beam arrangements (e.g. coordinates of the isocenter and
gantry and couch angles) were identical. Dose distributions
were calculated using RPL and XVMC under the same
monitor units as in the plan in which 48 Gy was prescribed
at the isocenter using a fully commissioned BPL. In add-
ition, the plans were recalculated using two dose prescrip-
tion methods: 48 Gy at the isocenter (IC prescription) and
48 Gy to cover 95% of the PTV (D95 prescription).
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The calculation grid size was 2.5 mm in all plans. In
XVMC, the dose calculation was performed with a spatial
resolution of 2.5 mm and mean variance of 2%.

Plan analyses
The following dose—volume statistics were calculated with
all types of heterogeneity correction:

¢ isocenter dose;

e mean, minimum dose (lowest point dose), and D95
for the ITVs;

* mean, minimum, maximum dose (highest point
dose), D95, and homogeneity index (HI) for the
PTVs;

* mean dose, the percentage of the volume receiving
more than 20 Gy (V20); and the percentage of the
volume receiving more than 5 Gy (V5) for the
normal lung.

Thereafter, in both dose prescription methods, dose—
volumetric data were compared using analysis of variance
(ANOVA) among the three algorithms of heterogeneity
correction. All pairwise comparisons were performed
using Tukey’s test. Statistical significance was defined as
P <0.05.

RESULTS

The mean volumes of the ITVs and PTVs in the 20 patients
were 14.6 ml (range 3.7-46.5 ml) and 34.5 ml (range 13.5-
88.0 ml), respectively.

Table 2 shows the dose—volumetric parameters of the
PTVs when 48 Gy was prescribed at the isocenter, and
Table 3 shows the corresponding parameters when the
plans were recalculated with RPL and XVMC using
the same monitor units as in BPL. The mean values of the
minimum dose and D95 for the PTV were 43.7 Gy and
45.7 Gy, respectively, when 48 Gy was prescribed at the
isocenter using BPL (Table 2). When the doses were recal-
culated with RPL and XVMC under the same monitor
units as in BPL, these values were 48.4 Gy and 49.4 Gy
for RPL, and 39.7 Gy and 42.7 Gy for XVMC, respectively
(Table 3). Box plots of these values are shown in Fig la
and b. The doses at the periphery of the PTV (minimum
dose and D95) were significantly lower with XVMC than
with BPL under the same monitor units (P <0.001). The
mean value of the minimum dose of the PTV was 9.1%
lower with XVMC than with BPL, and that of D95 was
6.5% lower with XVMC than with BPL. Averaged dose—
volume histograms of the PTV wusing BPL, RPL and
XVMC indicated a reduction of the dose at the periphery
of the PTV with XVMC compared with BPL and RPL

(Fig. 2).

Table 2. Dose-volumetric parameters when 48 Gy was prescribed at the isocenter

Lungs

PTV

ITV

Mean dose V20
HI V5 [%
Gyl [%] [%]

Max dose
[Gy]

Min dose
[Gy]

Max dose
D95 [G
Gyl [Gy]

Min dose
[Gy]

IC dose
[Gy] D95 [Gy]

Group

149 +4.5
17.2+4.6
16.8+4.7

38+x1.4

29+0.8
33+0.8
33+0.8

1.1+0.0
1.1+0.1

1.3+0.1

49.9+0.8

49.8+0.7 45.7+0.8 43712

46.0+1.1

48.0£0.0 46.8+0.8

BPL
RPL

42+1.6
4.0+1.5

473+1.2 512+1.2 474+x1.0 46.4+1.3 514+14

47.8+0.9

48.0+£0.0

504 +1.1

39.2+3.2

42.7+2.8 50.1 1.1 42.1+3.2

445+24

48.0+£0.0

XVMC

the dose to cover 95% of the volume, Min

the percentage of the volume receiving more than 20 Gy and 5 Gy,

BPL = the Batho power-law correction, RPL = the radiological path length algorithm, XVMC = the X-ray Voxel Monte Carlo algorithm.

planning target volume, D95

homogeneity index, V20Gy and V5Gy

Data are shown as means = SD. IC =isocenter, ITV =internal target volume, PTV

Minimum dose, Max dose = Maximum dose, HI =

dose

779



780

Table 3. Dose-volumetric parameters when plans were recalculated with RPL and XVMC using the same monitor units of BPL in Table 2

Lungs

PTV

ITV

V5 [%]

Mean dose V2
HI
[Gy] [%]
46+1.8
41+1.5

Max dose
[Gy]

Min dose
[Gy]

Max dose
DI5[G:
Gyl [Gy]

Min dose
[Gy]

IC dose
[Gy] D95 [Gy]

Group

17.5 +4.7
16.9+4.38

35+0.8
33+0.8

0.1

1.1+

494+1.4 484 +1.7 53.6+x1.4

534+1.3

49315

50.1+0.8 498+1.2

48.7+0.6

RPL

1.3+0.1

51.1 1.2

42.7+33 39.7 £3.3

50.7+1.1

433+29

451x2.4

XVMC

=planning target volume, D95 =the dose to cover 95% of the volume, Min dose

Data are shown as means + SD. IC =isocenter, ITV =internal target volume, PTV

=the

homogeneity index, V20Gy and V5Gy = the percentage of the volume receiving more than 20 Gy and 5 Gy, BPL

Maximum dose, HI =
the radiological path length algorithm, XVMC

Minimum dose, Max dose

the X-ray Voxel Monte Carlo algorithm.

Batho power-law correction, RPL

M. Narabayashi et al.

Figure 3 shows an example of dose distribution in which
the difference in minimum dose for the PTV was the
largest between BPL and XVMC.

The mean normal lung doses of V20 and V5 were 3.8%
and 14.9%, respectively, when 48 Gy was prescribed at the
isocenter using BPL (Table 2). After recalculation with
RPL and XVMC using the same monitor units as in BPL,
these values were 4.6% and 17.5% for RPL, and 4.1% and
16.9% for XVMC, respectively (Table 3). Figure lc and d
show box plots of these values. The mean V20 and V5 of
the normal lungs were significantly higher with XVMC
than with BPL (P<0.01), but the absolute differences
were small.

The plans were also recalculated with two methods of
dose prescription, that is, IC prescription and D95 prescrip-
tion. The values of monitor units under these dose prescrip-
tion methods are shown in Table 4. The ratios of the mean
monitor unit values were 1, 0.959 and 0.986 with IC pre-
scription using BPL, RPL and XVMC, respectively; the
differences were significant (P <0.001) (Fig. 4). Under
D95 prescription using BPL, RPL and XVMC, the ratios of
mean monitor unit values were 1, 0.937 and 1.088, respect-
ively; these were also significantly different from each
other (P<0.01) (Fig. 5). These outcomes indicated that the
application of XVMC under D95 prescription results in an
increase of the actually delivered dose by an average of
8.8% (range —3.2-26.7%) compared with BPL. These
results also indicated that in comparison with RPL, the
application of XVMC under D95 prescription resulted in
an increase in actually delivered dose by an average of
16.1% (range 0.5-36.6%).

DISCUSSION

At present, a wide variety of prescription doses and hetero-
geneity corrections are used for dose calculation of lung
SBRT among different institutions. For example, the pre-
scription dose is 48 Gy in 12-Gy fractions at the isocenter
in the JCOG 0403 protocol [20], while 60 Gy in 20-Gy per
fraction with D95 prescription is used in the RTOG 0236
protocol [19]. With respect to heterogeneity correction, a
wide variety of algorithms equivalent to the Clarkson algo-
rithm are allowed in the JCOG 0403 protocol [21], while
no heterogeneity correction is applied in the RTOG 0236
protocol [19]. Therefore, comparing the actual delivered
doses among these trials is difficult. The progression of
treatment planning systems in dose calculation and hetero-
geneity correction has made clear differences among the
plans using a variety of heterogeneity correction algorithms,
and it has therefore been difficult to compare outcomes
among different institutions. Prior to the start of the JCOG
0403 phase II trial, it had already been reported that the
dose calculation algorithm was the most significant factor
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Fig. 1.

Box plots of the minimum dose (a), D95 (b) for the PTV and V20 (c¢), V5 (d) for the normal lung, when 48

Gy was prescribed at the isocenter using BPL. With RPL and XVMC, the doses were recalculated under the
same monitor units as in BPL. The figures in parentheses indicate the percentages of the mean doses in RPL and
XVMC relative to those in BPL. BPL =the Batho power-law correction, RPL = the radiological path length algorithm,

XVMC =the X-ray Voxel Monte Carlo algorithm.
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Fig. 2. Averaged dose—volume histogram of the PTV using
BPL, RPL and XVMC in all plans. BPL =the Batho power-law
correction, RPL =the radiological path length algorithm,
XVMC =the X-ray Voxel Monte Carlo algorithm.

responsible for inter-institutional variations in planning for
SBRT for lung cancer [20].

The lungs are histologically heterogeneous organs com-
posed of large amounts of air and soft tissues. Therefore,
different heterogeneity corrections can cause changes in the
dose distributions in treatment planning systems. In the
report of Task Group No. 65 of the Radiation Therapy
Committee of the American Association of Physicists in
Medicine, inhomogeneity correction algorithms were cate-
gorized according to the level of anatomy sampled for
scatter calculation and the inclusion or exclusion of electron
transport [22]. BPL performs heterogeneity correction
using the tissue/air ratio or tissue maximum ratio [22, 23].
In addition, this type of correction does not take into
account changes in lateral electron transport [24]. In convo-
lution—superposition types of correction, changes in the
lateral transport are modeled in an approximate manner,
and several studies have shown these algorithms to be more
accurate for heterogeneous dose calculations [14, 21, 25].

With the Monte Carlo algorithm, virtually every photon
history is calculated for a sufficiently large number of
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XVMC

Fig. 3. An example of dose distribution in which the difference of the minimum dose for the PTV was the largest between BPL and
XVMC. A dose of 48 Gy was prescribed at the isocenter using BPL, and the doses were recalculated with RPL and XVMC under the
same monitor units as in BPL. BPL = the Batho power-law correction, RPL =the radiological path length algorithm, XVMC = the X-ray

Voxel Monte Carlo algorithm.

Table 4. Values of monitor units using two methods of
dose prescription; IC prescription and D95 prescription

Group 48 Gy @ IC 48 Gy @ PTV D95
BPL 1540+ 111 1619+ 124
RPL 1477 £ 120 1517 £ 139
XVMC 1519+ 112 1761 = 156

Data are shown as means+SD. IC=isocenter, PTV =
planning target volume, D95 = the dose to cover 95% of the
volume, BPL =the Batho power-law correction, RPL =the
radiological path length algorithm, XVMC = the X-ray Voxel
Monte Carlo algorithm.

primary photons and, consequently, the calculated dose is
expected to be the most accurate. Krieger and Sauer con-
cluded that the pencil-beam algorithm was not suitable to
predict the dose in heterogeneous volumes with sufficient
accuracy and showed that the Monte Carlo algorithm were
very close to the measurements, even in low-density
volumes [26]. Thus, the Monte Carlo algorithm can be
seen as the current gold standard for heterogeneous dose
calculation [25, 26]. In particular, with the XVMC algo-
rithm, several variance reduction techniques are used to
improve the speed of the calculation, and the XVMC algo-
rithm has also been validated by comparison with measure-
ments [27, 28]. Dobler et al. demonstrated the accuracy of
the XVMC algorithm relative to the pencil-beam and
collapsed-cone algorithms in radiation therapy of small
lung lesions [29]. The Monte Carlo algorithm predicted the
dose the most accurately with maximal differences of —8%
and —3%, respectively, compared with the film, while the
pencil-beam algorithm overestimated the dose by up to
15% compared with the measurements.

MU under the IC prescription
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Y (p<0.001)
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1800 —— .
J —p—
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FALL
Heterogeneity Corrections
mem]l{ ::TT Ts'llues 0.959 0.986
' 41%)  (14%)

Fig. 4. Box plots of absolute values of monitor units using BPL,
RPL, XVMC when 48 Gy was prescribed at the isocenter. The
figures in parentheses indicate the percentages of the mean values
of monitor units in RPL and XVMC to those in BPL.
BPL =the Batho power-law correction, RPL =the radiological
path length algorithm, XVMC =the X-ray Voxel Monte Carlo
algorithm, MU = monitor units.

The results of the present study indicate that different
heterogeneity corrections have a marked impact on the dose
distributions around the targets. Comparing the plans with
the same monitor units, D95 and the minimum dose were
significantly lower in XVMC than in BPL (Tables 2 and
3), which supports the results of previous studies [14—18].
In addition, we also confirmed that under IC prescription,
the differences in monitor units between BPL and XVMC
were small (—1.4%). Thus, under IC prescription, treatment
plans made with XVMC are consistent with those made
with BPL. Therefore, we switched the heterogeneity correc-
tion algorithm from BPL to XVMC under IC prescription.
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MU under the D95 prescription

2200 , ——
[—— (p<0.01)
20004
1800+ | .
=
=
1600+ Ju——
—T—
14004 I
1200 BPL RPL XVMC
Heterogeneity Corrections
Ratio of
mean ;:I{)f l:mlues 9507 el
(-6.3%) (+8.8%)

Fig. 5. Box plots of absolute values of monitor units using BPL,
RPL, XVMC when 48 Gy was prescribed to cover 95% of the
PTV. The symbols are the same as in Fig. 4.
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Fig. 6. Linear regression between the MU ratio (XVMC/BPL)
under D95 prescription and the distance from chest wall to the
PTV margin (Pearson’s correlation coefficient r=0.5735, n =20,
P=0.0082). Negative values of the distance mean overlapped
distances between the PTV margin and the chest wall. BPL =the
Batho power-law correction, RPL =the radiological path length
algorithm, XVMC =the X-ray Voxel Monte Carlo algorithm,
MU = monitor units.

On the other hand, careful attention should be paid when
applying XVMC using D95 prescription because it can
result in escalating the delivered dose by approximately 9%
on an average.

To determine in what case the application of XVMC to
heterogeneity correction under D95 prescription markedly
increases the monitor unit values in comparison with BPL,
we examined the correlations between the rates of increase
in monitor units (XVMC/BPL) and various parameters,
such as the volume of the ITV, the volume of the PTV, the
diameter of the ITV, the CT value of the ITV and the dis-
tance from the PTV to the chest wall. With the exception
of the distance from the PTV to the chest wall, none of the
parameters showed significant correlations with the rates of

increase in monitor units. Figure 6 shows that the distances
from the PTV margin to the chest wall on the CT slice
including the IC were significantly correlated with the rates
of increase in monitor units (Pearson’s correlation coeffi-
cient r=0.5735, n=20, P=0.0082). These observations
indicated that the dose at the periphery of the PTV is likely
to decrease because the PTV margin is covered with air in
the PTVs distant from the chest wall, while in the PTVs
near the chest wall, the dose at the periphery of the PTV is
less likely to decrease because the PTV margin is close to
or overlaps with soft tissues.

The present study had the limitation that recalculated
plans were not optimal. We did not reoptimize the plans to
eliminate the impacts of other factors on dose distributions
and evaluate the differences in the heterogeneity correction
algorithms themselves. Therefore, the dose distributions
may still be improved following reoptimization of the beam
angle weights or couch angles.

CONCLUSIONS

Heterogeneity corrections can have significant impacts on
dose distributions of SBRT for lung tumors. Care should
be taken regarding the impacts of different heterogeneity
correction algorithms and dose prescription methods.

In particular, the application of XVMC under D95 pre-
scription can cause an increase in potential dose by an
average of approximately 9%. Therefore, the appropriate-
ness of switching the heterogeneity correction algorithm
from BPL or RPL to XVMC under D95 prescription
should be validated carefully from a clinical viewpoint.
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