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Abstract

Background. We aimed to compare the impact of system-
atic uncertainties in patient setup and prostate motion on
three different external-beam radiotherapy protocols for
prostate cancer.

Methods. To simulate possible near-maximum systematic
errors, the isocenter position was shifted to eight points
with +1.65SD of the integrated uncertainty value along
each axis that was expected to include 5%-95% of the total
systematic uncertainties in each direction. Five cases were
analyzed for the three plans: an old three-dimensional con-
formal radiotherapy (3D-CRT) protocol (four-field plus
dynamic arc), a new 3D-CRT protocol (dynamic arc), and
an intensity-modulated radiotherapy (IMRT) protocol,
respectively.

Resulis. The averaged percentage volume covered by more
than 95% of the prescription dose (V95) of the clinical
target volume (CTV) for the original plans was 100% for
all protocols. After simulating the errors, V95 of the CTV
for IMRT cases was maintained at 100%. On the other
hand, these values for the new and old 3D-CRT protocols
were 93.1% and 63.2%, respectively. The values for the
- percentage prescription dose received by at least 95%
volume (D95) of the CTV for the original plans were 100%,
98.4%, and 97.6% for the IMRT, new 3D-CRT, and old
3D-CRT plans, respectively. However, when the effects of
the systematic errors were taken into consideration, the net
decreases in the D95 values were 0.3%, 4.3%, and 8.1%,
respectively.

Conclusion. The current IMRT protocol is considered to
successfully compensate for systematic uncertainties. In
contrast, the multi-leaf collimator (MLC) margins set for
the old 3D-CRT protocol were not enough to ensure the
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actual delivery of the prescription dose to the CT'V. There-
fore, it is very important to include these issues in the plan
design in the interpretation of clinical outcomes.

Key words Systematic uncertainties - Dynamic-arc 3D-
CRT - IMRT - Prostate cancer

introduction

Geometrical uncertainties in radiotherapy can cause differ-
ences between the planned and the actually delivered dose
distribution. The uncertainties mainly consist of setup devi-
ation and internal organ motion. Both uncertainties can be
separated into random and systematic components.

Setup error and organ motion in external-beam radio-
therapy for prostate cancer have been widely investigated
using megavoltage film or an electronic portal image device
(EPID),"? sequential computed tomography (CT) scans,*’
implanted radiopaque markers,'*"? and a B-Mode Acquisi-
tion and Targeting System (BAT).™"* With better under-
standing of these uncertainties, the margin added to the
clinical target volume (CTV) to create the planning target
volume (PTV) is gradually reduced in conformation therapy
to reduce the irradiated dose and volume to the organs
at risk and to increase the dose to the CTV. However, a
PTV margin that is too small will result in geometrical
errors at some or even all treatment fractions. It has there-
fore become increasingly important to quantify and verify
whether the applied margins can account for the uncertain-
ties. Among the components of errors, random errors
mainly result in blurring the dose distribution."*'* This blur-
ring due to the random errors tends to have a relatively
small impact on doses to the target and normal structures.”
On the other hand, systematic errors have a much larger
potential to cause significant underdosing or overdosing to
both the target and normal structures.*>"’

Therefore, the present study was designed to compare
the effect of systematic components of setup errors and
prostate motion on prostate dose coverage among three
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Table 1. Summary of the three definitive radiotherapy protocols
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Protocols Fields PTV margins MLC and jaw margins (mm)  Setup Dose  Dose prescription
(mm) (Gy)
Old 3D-CRT MLC- Shaped  Not created Superior: 12 Supine without fixation 46 Isocenter
box Inferior: 12
Lateral: 7
Dynamic arcs Not created Superior: 12 24 Isocenter
Inferior: 12
Lateral: 7
New 3D-CRT  Dynamic arcs 9 (6, Posterior)  Superior: 8 Supine without fixation 74 Isocenter
Inferior: 8
Lateral: 3
IMRT 215°280° 0° 9 (6, Posterior)  Dynamic MLC, automatic Prone with hip fixation 74 D95 of the PTV =
75° 145° defined: 7-9mm 95% (>90%)

PTV, planning target volume; MLC, multi-leaf collimator

definitive external-beam radiotherapy plans for localized
prostate cancer, and hence to verify whether the margins
set for the three protocols could account for those
uncertainties.

Patients, materials, and methods

Description of the three definitive radiotherapy protocols

Since 1998, three definitive radiotherapy protocols have
been applied to the treatment of localized prostate cancer
at our institute. They are the old three-dimensional confor-
mal radiotherapy (3D-CRT), new 3D-CRT and intensity-
modulated radiotherapy (IMRT) protocols, respectively.
Details of each planning protocol have already been
reported.” Briefly, in the old 3D-CRT protocol, a planning
target volume (PTV) was not created. A multileaf collima-
tor (MLC) with a leaf width of 1 cm was directly fitted to
the clinical target volume (CTV), which is the prostate, with
margins. Forty-six Gy in 23 fractions was given, using the
four-field box technique with MLC conformation to the
CTV, followed by an additional 24 Gy in 12 fractions with
the dynamic-arc conformal technique. In the four-field irra-
diation, MLC or jaw edges were placed directly on the CTV
with margins of 12mm in superior/inferior directions and
7mm in the remaining directions based on the beam’s eye
view of each field. If a part of the posterior rectal wall was
included in the lateral opposing fields, the MLC positions
were manually adjusted to completely shield the posterior
wall from the irradiated area by the bilateral fields. In the
dynamic-arc conformal radiotherapy, two lateral arcs with
100° of rotation (from 36° to 136°, and from 226° to 326°)
were used with dynamic conformal fitting of MLCs to the
CTV with a 7-mm margin. In the new 3D-CRT and IMRT
protocols, PTV was created by adding a 9-mm margin to the
CTV, except for the posterior rectal-prostate interface,
where a 6-mm margin was applied. For the new 3D-CRT
protocol, two lateral dynamic arcs with 100° of rotation
{from 36° to 136° and from 226° to 326°) were used by
dynamic conformal fitting of MLCs to the PTV, in which a
3-mm margin was generally placed from the edge of the
PTV to the tips of the MLCs. With respect to the superior

and inferior directions, jaws were fitted with an 8-mm margin
to the PTV to ensure 95% dose at the edge of the PTV. For
the IMRT protocol, inverse optimization was used to achieve
the goal that the percentage prescription dose received by
at least 95% volume (D95) of the PTV should generally
exceed 95% (at least 90%). The old and new 3D-CRT
techniques are performed with the patients in the supine
position without any fixation, while IMRT is applicd with
the patients immobilized in the prone position, using
thermoplastic shells fixed to a rigid pelvic board Hip Fix
(MedTec, Inc, Orange City, IA, USA) extending from the
mid-thigh to the upper third of the leg and with the feet
being put on a cushion support. Details of the three proto-
cols are summarized in Table 1.

Institutional measured uncertainties

From March 2001 to March 2002, a study was conducted to
measure setup errors and prostate motion using serial com-
puted tomography (CT) verification scans. Ten patients in
the supine position, without fixation devices, and eight
patients in the prone position, fixed with a set of thermo-
plastic shells, were enrolled in the study. Three CT verifica-
tion scans were performed at 2-week intervals for the whole
course of radiotherapy for each patient. CT scans were con-
ducted with the same, conditions as the simulation scans;
that is, empty rectum and moderately dilated bladder
(0.5-1.0h after micturition). The three serial CT scan images
were registered to the simulation CT scan images using the
same Digital Imaging and Communications in Medicine
(DICOM) coordinates. The prostate was contoured and
the center was reconstructed. Four reference points on
the pelvic bony structure (two on the innermost edge of the
femoral head, one on the anterior-superior edge of the
coccyx, and one on the posterior-superior edge of the pubic
symphysis) were chosen to calculate the relative position of
the prostate along three axial directions. Compared with the
relative prostate position on the simulation CT images, the
systematic and random prostate motions were calculated.
The systematic displacement was taken to be the difference
between the prostate position in the planning scan and the
mean position as calculated from the three treatment scans,
and the random displacements were calculated as the devia-
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Table 2. Institutional data of systematic uncertainties and the integration used for simulations

1SD of systematic

1SD of systematic

1SD of integrated  Simulating value

setup error prostate motion systematic error 1.65SD
(Z&=IM' +SM*)  (5%-95% CI)
Prone Prone Prone Prone
Supine Supine Supine Supine
LR (mm) 1.6 0.8 1.8 3.0
3.0 0.9 31 51
AP (mm) 1.6 2.1 26 43
34 3.7 5.0 8.3
CC (mm) 3.1 3.1 44 7.3
32 1.7 3.6 59

LR, Left-right; AP, anterior-posterior; CC, cranial-caudal; 8, total margin; IM, internal margin; SM,

setup margin; Cl,: confidence interval

tion of the prostate position in each treatment scan from
the mean position. Thus, one systematic and three random
displacements were calculated for each patient. Regarding
the whole study cohort, the SD for the systematic error was
assessed as the SD of the ten patients in the supine position
or the eight patients in the prone position. The SD for the
random error was taken as the SD of 30 random displace-
ments in the supine position or 24 in the prone position for
the ten or eight patients, respectively. The differences
between simulation and treatment CT coordinate positions
of the center of the four pelvic bony reference points along
three axes were, accordingly, calculated as the axial setup
errors; the SD values of systematic errors are displayed in
Table 2.

Isocenter shifting model simulating systematic setup
errors and prostate motion

Integration of the systematic errors of the setup and
internal prostate motion

The International Commission on Radiation Units and
Measurements (ICRU) report 62 discussed several scenar-
ios about how to composite the internal margin (IM) with
the setup margin (SM). The report recommended creating
a “global” safety margin to be adopted by means of the
quadrature formalism (£82 = IM2 + SM2) in a quantitative
approach.” According to the recommendation, we inte-
grated setup errors and organ motions because the simple
linear addition of two kinds of error would lead to an exces-
sively large integrated systematic error. The calculated
values of integrated systematic errors along the three axes
are indicated in Table 2, for the supine and prone positions
separately.

Representative shifting value of 1.65 SD along each of the
three Cartesian directions

We assume that the prostate motions and setup errors can
each be described by three orthogonal independent Gauss-
ian (normal) distributions. This is a reasonable assumption,
because several groups have proved that the data are nor-

Fig. 1. Isocenter shifting model: £1.65SD was first chosen as the coor-
dinate for axial check points (three pairs). Based on the six axial check
points, eight vector combination points were created. The eight corner

" points were the worst-case scenario within a +1.65SD axial value

mally distributed.*”*” In this case, the calculated integrated
systematic uncertainties should also be in normal distribu-
tion. Therefore, 90% (5% to 95%) of the systematic uncer-
tainties are included within +1.65SD. This is because, if we
consider a patient group as a whole, the mean value of the
systematic errors would be very close to zero, as indicated
in our institutional results. Therefore, in this study, we
chose 1.65SD of the integrated systematic uncertainties on
each of the three axes, which was expected to cover 90% of
the systematic isocenter shifts in each direction.

Simulating the impacts of the systematic errors on the
dose distribution

To simulate the impacts of possible large systematic errors
on the dose distribution, we shifted the isocenter to the
eight points with +/—1.65SD value on each axis (vector com-
bination points; Fig. 1).

The isocenter shifting was conducted on five IMRT plans
in the prone position with hip fixation, and on five new 3D-
CRT plans in the supine position without fixation, and on
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the old 3D-CRT plans created using the new 3D-CRT
patients’ contoured images strictly complying with the pro-
tocols. To further compare the new 3D-CRT protocol with
the IMRT protocol, the five new 3D-CRT plans were
created based on the respective CT data set for IMRT plans
in the prone position with fixation devices complying with
the planning protocol accordingly. The same magnitude of
systematic uncertainties in the prone position with the fixa-
tion device was applied to simulate shifting the isocenter.
All the created plans were checked and were approved
by our department board. Shifted plans were created and
dose distributions were recalculated. In total, 160 shifted
plans were created and statistical data were collected and
analyzed.

Analyses based on dose volume histogram (DVH) data

With the Eclipse treatment planning system (Varian Medical
Systems, Inc., Palo Alto, CA, USA), the DVHs of the PTV
and the CTV (prostate) were calculated for the original
plans and the total shifted plan. The total shifted plan was
defined as the plan with the averaged dose distribution of
the eight shifted plans for each case. Therefore, the total
-shifted plan was considered to be the plan reflecting the
averaged effect of the simulated systematic uncertainties.
For the PTV and CTYV, the percentage volume covered by
more than 95% of the prescription dose (V95) and the
percentage prescription dose received by at least 95%
volume (D95) were calculated. In addition, minimal,
maximal, and mean percent doses were collected for analy-
ses. The dose conformity to the PTV was calculated using
the conformity index (CI) equation advocated by Van't Riet
et al.” The CI is defined as the product of the fraction of
the PTV receiving at least 95% of the prescription dose and
the ratio of the volume of the PTV receiving at least 95%

of the prescription dose to the body volume receiving at

least 95% of the prescription dose, which is indicated by the
following equation:

Conformity index (CI) = VPTV95%/VPTV *
VPTV95%/Vt.

Here, VPTV95% is the PTV volume covered by 95% of the
prescription dose, VPTV is the volume of the PTV, and Vt
is the body volume covered by 95% of the prescription
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dose. Therefore, the CI accounts for both any normal tissue
volume receiving at least 95% of the prescription dose and
for any volume of the PTV receiving less than 95% of the
prescription dose. For the new and old 3D-CRT plans,
because the same patients’ images and systematic uncer-
tainties for simulations of isocenter shifting were applied,
comparisons of the DVHs for the same PTV and CTV were
made. New 3D-CRT plans created on the CT data sets in
the prone position were also compared to the correspond-
ing IMRT plans with respect to the DVH indexes. The
DVHs for the shifted plan for each case were calculated
using a summed plan function with the same weight assigned
to each single shift. The mean DVHs both for the original
and shifted plans for each protocol were calculated by aver-
aging their corresponding percentage volume at the same
incremental dose steps. The P value was calculated by the
two-tailed paired Student’s ¢-test.

Results

Table 3 and Table 4 show the planning results of the PTV
and CTV for five cases using the three respective protocols.
The V95 and D95 values of the CTV for the three protocols
were almost comparable (P > 0.05) and the differences in
the other indexes among the three protocols were also
small. However, when the same PTV definition as for the
new 3D-CRT and IMRT protocols was applied to the old
3D-CRT protocol, the V95, D95, mean dose, and CI for the
old 3D-CRT cases were greatly inferior to those for the
cases with the other two protocols (P < 0.001), indicating

Table 4. RTP results for CTV with the three protocols

IMRT New 3D-CRT  Old 3D-CRT

(mean £ SD) (mean £SD)  (mean + SD)
V95 (%) 100+ 0 1000 99.9+ 0.1
D95 (%) 100+ 0.9 98.4 £ 0.7 97.6 £ 0.6
Minimum dose (%) 98.1+1.2 97 £ 0.6 953+ 1.1
Maximum dose (%) 108318 102.6 £ 0.4 1012+ 0.5
Mean dose (%) 103.7£ 0.7 100.7 £ 0.7 99.6+0.3

V95, Percent target volume receiving 95% of the prescription dose or
higher; D95, percent prescription dose covering 95% of the target
volume

Table 3. RTP results for PTV with the three protocols

IMRT (mean £ SD) New 3D-CRT Oid 3D-CRT
(mean £ SD) {mean + SD)
V95 (%) 99+ 0.5 93.9+0.9 59.6 £ 6.8
D95 (%) 97+£0.5 94.5+03 829+15
Minimum dose (%) 87.7+48 87.5+0.7 60£3.3
Maximum dose (%) 108.5+ 1.8 102.6 £ 0.4 101.3+£0.5
Mean dose (%) 102.3+0.7 99.5+0.3 949+1

Conformity index 0.88 (0.87-0.89)

0.76 (0.72-0.78) 0.60 (0.52-0.65)

V95, Percent target volume receiving 95% of the prescription dose or higher; D95, percent
prescription dose covering 95% of the target volume; conformity index = Vpiygse/Ver™®

Vprvosa/VE 2
For conformity index: mean (range)
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Fig. 2. Mean percent target vol- V95 D95 Error bar=+1SD
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scription dose or higher (V95) 100 100 99.9 100 100984976 . 997 .
and percent prescription dose 100 b R S 1941
covering 95% of the target _i_ 1189 5
volume (D93) for dose volume 90 - T
histogram (DVH) of the clinical
brosocetsverove andaterakine. O [ 1 L L | L L fr T D MRT
a
Eyste.matic. uncertainties int§ 70 F ] - Dinew 3D-CRT
consideration. Error bar, 1SD. 63.2 DO old 3D-CRT
MRT, modulated radiotherapy;
3D-CRT, three-dimensional con- 60
formal radiotherapy
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Original plans shifted plans Original plans shifted plans

the original MLC margins set for this protocol are insuffi-  (a)
cient if the dose evaluation is based on the current PTV o
concept. The CI for the IMRT plans was the highest among Vl?)l(;‘lme %o IMRT
the three protocols, which indicates the dose distributions 90
in the IMRT plans conform best to the PTV compared to 80 — original
those in the new and oid 3D-CRT plans. Zg lans

Figure 2 indicates the V95 and D95 of the CTV for the 50 P i
original plans and the simulated isocenter-shifted plans. 40 — shifted
The V95s for all three protocols were excellent and reached %8 plans
100% of the prescribed dose, while D95 values were also 10
97% or higher for all protocols. On the other hand, although 0 '
the averaged V95 for total shifted IMRT plans was main- 80 90 100 110 Dose%
tained at 100%, those for the new 3D-CRT and old 3D-
CRT plans decreased to 93.1% and 63.2%, respectively. (b)
The decreasing rate of the V95 values for the old 3D-CRT Volume%
cases was most evident compared with those for the other 100 New 3D-CRT
two protocol’s cases. The same trend as for V95 was 90 ’ﬁ
observed with respect to D95, although the magnitudes of 80 - —— original
the deterioration after simulating the systematic uncertain- gg lans
ties in the old 3D-CRT cases were relatively smaller than 50 P ]
those for the V95. The net decrease for IMRT cases was 40 1 — shifted
minimum (0.3%), while that for the old 3D-CRT cases was %8 plans
the biggest (8.1%) among the three protocols. 10 Y

Figure 3 indicates the mean DVHs of the CTV for the 0 ‘ - '
original and total shifted plans of the three protocols. For 80 90 100 110 Dose%
the IMRT protocol, the two curves almost coincided with
each other. Compared with the original new 3D-CRT plans, (c)
definitive insufficient dose coverage was observed with Volume%
respect to the total shifted plans. Again here, the worsening 0 Old 3D-CRT
of the CTV dose coverage for the old 3D-CRT plans was 188 T
the most marked among the protocols. The detailed net 80 T 11- — orizinal
decreases in the DVH statistics of the CTV after simulating 70 WLk oi‘lglna
the systematic uncertainties are indicated in Table 5. 28 Tt p a.ms

The mean DVH of the CTV for the new 3D-CRT plans 40 L ~— shifted
created on the CT data sets for the IMRT protocol is shown %8 1 plans
in Fig. 4. The net decreases in the V95, D95, minimum dose, 10 i g
maximum dose, and the mean dose for the IMRT protocol, 0 ' d
the new 3D-CRT protocol, and the new 3D-CRT plans 80 90 100 110 Dose%

created on the CT data sets scanned in the prone position
are indicated in Fig. 5. Although the net decreases in the
V95, D95, minimum dose, maximum dose, and mean dose
became much smaller when the new 3D-CRT plans were
created with the patients in the prone position with hip
fixation than when created with the patients in the supine

Fig. 3a—c. Mean DVH of the CTV before and after taking systematic
uncertainties into consideration, for IMRT (a), new 3D-CRT (b), and
old 3D-CRT protocols (c). Error bar, #1SD
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Table 5. Comparison of the net decreases in the DVH statistics of the CTV for the three protocols

after simulation of systematic uncertainties

IMRT New 3D-CRT Old 3D-CRT

Net decrease P value Net decrease P value Net decrease P value

(%) (%) (%)
V95 0 0.4 6.9 0.005 36.7 0.004
D95 .03 0.02 43 0.001 8.1 <0.0001
Min. 24 0.1 83 0.0001 11.8 <0.0001
Max. 1.7 0.003 1 0.006 1.3 0.003
Mean 0.7 <0.0001 1.5 0.0007 37 0.0008

V95, Percent target volume receiving 95% of the prescription dose or higher; D95, percent pre-
scription dose covering 95% of the target volume

@)
Vlcgloume% New 3D-CRT
o0 Y
§8 — original
60 plans
50 .
- 40 = Shifted
30 :
30 plans
10
0 [ ] 1
80 90 100 110 Dose%
(b)
Volume% IMRT
100
90 —\
§8 \;% — original
60 ‘ plans
28 % e Shifted
30 W\ plans
20 N
1 . N,
80 90 100 110 Dose%

Flg 4a,b. Comparison of the mean DVH of the CTV, for the new
3D-CRT (a) and IMRT plans (b) before and after taking systematic
uncertainties into consideration based on the same condition: new 3D-
CRT plans were created on the IMRT plan images and the systematic
uncertainties of the prone position with hip fixation were simulated for
the two protocol plans

position without fixation, the IMRT plans still had some
advantages in terms of target coverage.

Discussion

The ICRU report 50 recommends defining a geometrical
structure of PTV to compensate for the effect of uncertain-
ties. The magnitude of PTV can predict and project the
potential location of the CTV. Margins to create the PTV

%

B IMRT
new 3D-CRT_supine
new 3D-CRT_prone

S N B~ N 0 O

V95 D95 Min. Max. mean

Fig. 5. Net decrease in the DVH indexes of the CTV for IMRT, new
3D-CRT_supine, and new 3D-CRT_prone plans after taking systematic
uncertainties into consideration. New 3D-CRT_supine represents the
new 3D-CRT plans simulating the systematic uncertainties in the
supine position without using an immobilization device. New 3D-CRT_
prone represents the new 3D-CRT plans created based on the IMRT
plan images simulating the systematic uncertainties in the prone posi-
tion with hip fixation

from the CTV (PTV margin) should take into account both
setup errors and internal organ motion. However, in most
cases, the CTV is often located adjacent to the organs at
risk (OARs), which prevents us from using margins large
enough to cover all of the uncertainties for most patients.
Therefore, adequate margins to compensate for 90%-95%
of the uncertainties should be used to create the PTV. More
importantly, the magnitude of the adequate margin is also
influenced by the method of patient fixation or error reduc-
tion strategies. To see whether the defined margins account
for the uncertainties, we examined and compared the ade-
quacy of three definitive radiotherapy protocols for local-
ized prostate cancer, in terms of the CTV coverage, by
simulating possible large systematic errors with respect to
patient setup and internal organ motion.

In the present study, several assumptions were made,
based on the previously published literature; we assumed
that random errors have a relatively smaller impact on the
dose distribution to the prostate,””™"’ while systematic errors
are in normal distribution.*’"** Because our purpose was
to compare planning strategies of three different radiother-
apy protocols and to estimate their validity by verifying the
tolerability in CTV coverage, we only simulated systematic
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errors. To include all the possible systematic uncertainties,
it would be necessary to apply nearly £3 SD. However, we
carefully chose £1.65SD of the systematic error as a check-
point value for the isocenter shift, which includes 90%
(from 5% to 95%) systematic uncertainties along each axis.
Therefore, there were in total eight check points (Fig. 1).
With these check points, we expected to include most of the
possible systematic displacements while excluding very
extreme shifts, which is reasonable for comparing the ade-
quacy among different radiotherapy protocols.

Our previous study showed that the dynamic-arc 3D-CRT
(new 3D-CRT) could achieve a comparable dose distribu-
tion to that achieved with IMRT with respect to the target
coverage and rectal sparing in external-beam radiotheapy
for localized prostate cancer with a prescription dose of
74 Gy. On the other hand, the old 3D-CRT plan could not
reach a qualified dose coverage for the target, based on the
current PTV concept, due to the universally smaller portal
margins applied.’ This continuing study shows that when the
systematic uncertainties were incorporated into the dose dis-
tribution analyses, the difference between the planned and
the actually delivered target dose was much larger for the old
3D-CRT plan, and a detectable dose decrease also appeared
in the dynamic-arc 3D-CRT plan. However, the IMRT plan
still maintained an intended target coverage of the prostate
(CTV). Therefore the IMRT protocol is considered to be
superior to the dynamic-arc 3D-CRT plan in terms of tolera-
bility against systematic uncertainties.

A big question here is what are the adequate acceptance
criteria with respect to the dose decrease from the planned
to the actually delivered dose supposing the random factors
could be neglected. The answer could not be drawn from
the literature. van Herk'” discussed this point in his review
article and analyzed several examples, but the criteria were
diverse and could not be uniformly applied: they should be
institution-dependent and also treatment-technique-depen-
dent. A general guideline for the target coverage in tradi-
tional static dose distribution is reported in ICRU report
50,2 where the PTV should guarantee that 95% of the pre-
scription dose is delivered to at least 90% of the CTV.
Based on this guideline, the actually delivered dose dis-
tribution with the old 3D-CRT plans is unacceptable,
which means margins applied directly to the CTV and
simply defined by jaws/MLCs are universally insufficient to
account for systematic uncertainties. However, the differ-
ence between the planned and actually delivered dose dis-
tribution to the CTV with IMRT plans is nominal, indicating
that the margins set successfully compensate for the system-
atic uncertainties.

There are two main reasons why the ability to account
for the systematic uncertainties between our IMRT and the
new 3D-CRT protocol plans is different. One is patient
position-related and immobilization-related uncertainty
values, and the other is the treatment techniques them-
selves, which define dose conformity to, and the dose
gradient from, the PTV. A comparison of the effect of the
systematic uncertainties on the new 3D-CRT plans and
the IMRT plans based on the same image pool simulating
the same values of uncertainties, resulted in the slight supe-

riority of the IMRT protocol to the new 3D-CRT protocol
to account for the systematic uncertainties. At the same
time, we also noticed that the degree of decrease in dose
coverage after simulating the systematic uncertainties for
the new 3D-CRT plans was much smaller when the patients
were fixed in the prone position and immobilized with hip
fixation than when they were treated in the supine position
without any fixation devices. This may indicate that if, for
our new 3D-CRT protocol, we also immobilize patients in
the prone position with hip fixation, as is done with the
patients receiving the IMRT protocol, we may get much
better actual dose distribution. It has been reported that the
prostate movement in the prone position was much larger
that that in the supine position if no fixation devices were
used, probably because of the effect of respiration.” There-
fore, it is strongly recommended that we should use a fixa-
tion device when treating patients in the prone position.

There were some remarks in the literature that the IMRT
was more sensitive to uncertainties than 3D-CRT due to its
sharper dose gradients in the peripheral region of the PTV.
Our data show that this is not necessarily true. The sensitiv-
ity to treatment-related uncertainties strongly depends on
the given margins for the PTV and the error reduction
strategies applied, as well as the degree of dose fall-off
outside the PTV. ’

One drawback of the present study was that the effect of
systematic uncertainties on the doses to the rectum and
bladder was not incorporated into the dose distribution
analyses of the target. The original planned dose range to
the rectum and bladder was large. and rectum filling was
diverse; all these factors make the incorporation much more
complicated. Therefore, we believe a deformable image reg-
istration technique should be incorporated in the treatment
planning based on a 4D imaging data set in the future.

In conclusion, differences in the CTV dose among three
protocols for definitive external-beam radiotherapy when
systematic uncertainties were taken into consideration were
evaluated. Our current IMRT protocol, with fixation devices
used in the prone position, was considered to successfully
compensate for decreased systematic uncertainties, while
the old 3D-CRT protocol was inadequate to realize an ade-
quate CTV dose, although the CTV dose was sufficient in
terms of the static protocol data. In the future, a 4D dataset-
based method for radiotherapy protocol evaluation will be
necessary to accurately estimate the actually delivered dose
to the targets and organs at risk.
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INTERINSTITUTIONAL VARIATIONS IN PLANNING FOR STEREOTACTIC
BODY RADIATION THERAPY FOR LUNG CANCER
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Purpose: The aim of this study was to assess interinstitutional variations in planning for stereotactic body
radiation therapy (SBRT) for lung cancer before the start of the Japan Clinical Oncology Group (JCOG) 0403
trial. )

Methods and Materials: Eleven institutions created virtual plans for four cases of solitary lung cancer. The
created plans should safisfy the target definitions and the dose constraints for the JCOG 0403 protocol.
Results: FOCUS/XiO (CMS) was used in six institutions, Eclipse (Varian) in 3, Cadplan (Varian) in one, and
Pinnacie3 (Philips/ADAC) in one. Dose calculation algorithms of Clarkson with effective path length correction
and superposition were used in FOCUS/XiO; pencil beam convolution with Batho power law correction was used
in Eclipse and Cadplan; and collapsed cone convolution superposition was used in Pinnacle3. For the target
volumes, the overall coefficient of variation was 16.6%, and the interinstitutional variations were not significant.
For maximal dose, minimal dose, D95, and the homogeneity index of the planning target volume, the interin-
stitutional variations were significant. The dose calculation algorithm was a significant factor in these variations.
No violation of the dose constraints for the protocol was observed.

Conclusion: There can be notable interinstitutional variations in planning for SBRT, including both interob-
server variations in the estimate of target volumes as well as dose calculation effects related to the use of different

dose calculation algorithms. © 2007 Elsevier Inc.

Stereotactic body radiation therapy, Lung cancer, Treatment planning, Interinstitutional variation.

INTRODUCTION

Promising clinical results of stereotactic body radiation therapy
(SBRT) for early-stage lung cancer have been reported by
several investigative groups (1-11). However, most of these
results were based on data from a single institution, and the
treatment protocols differed among institutions. To confirm the

clinical value of SBRT for early-stage lung cancer in multi-
institutional settings, the Japan Clinical Oncology Group
(JCOG) has planned a multi-institutional trial of SBRT for
T1NOMO lung cancer (the JCOG 0403 protocol).

It was recognized that large interinstitutional variations in
the trial would damage its credibility and that such varia-
tions should be avoided. We conducted a study of planning
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Fig. 1. Images of the cases: (a) Case 1, (b) Case 2, (c) Case 3, and (d) Case 4. Each case is a solitary lung tumor. The
tumors were T1 in size (within 3 cm) except for that in Case 4. Figure continues on next page.
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Table 1. Institutional characteristics

419

‘Beam : Calculation

Institution energy Irradiation technique TPS algorithm

A 6 MV Static 6 ports FOCUS/XiO CL/Sp*

B . 10MV Mixed 9 groups / Static 10 ports’ FOCUS/XiO CL/SpP*

C 6 MV Static 7 ports Eclipse PBC

D 6 MV Static 3 arcs (total 400 degrees):t FOCUS/XiO SP

E 6 MV Dynamic 10 arcs (total 1,600 degrees) FOCUS/XiO SP

F 6 MV Static 8 ports Pinnacle3 CC

G 6 MV Static 5-10 ports Eclipse PBC

H 6, 10MV  Static 7-8 ports Eclipse PBC

1 6 MV Static 8 ports Cadplan PBC

J 4 MV Static 6 ports FOCUS/XiO Sp

K 6 MV Static 10 ports FOCUS/XiO CL

Abbreviations: CC = collapsed cone convolution superposition; CL = Clarkson with effective
path length correction; PBC = pencil beam convolution with Batho power law correction; SP =

superposition; TPS = treatment planning system;

* Institutions A and B changed their algorithm from CL to SP between the series.
T Institution B changed its technique from a mixed style of arcs and static ports to static ports only

between the series.

* No multileaf collimator was implemented in institution D.

Table 2. Target volumes delineated by 11 institutions on 4 cases

Target volumes (cc)

Case 1 Case 2 Case 3 Case 4
A 9.0 11.0 6.0 34.0
B 48 8.2 5.1 36.0
C 5.7 10.7 6.2 354
D 8.6 14.1 3.1 28.5
E 7.4 10.7 7.8 334
F 6.9 9.5 4.2 28.7
G 7.5 12.8 7.4 29.2
H 6.6 13.1 5.5 34.8
1 7.5 14.2 6.7 38.9
J 8.0 10.0 4.0 30.0
K 9.0 12.0 10.0 38.0
Mean 7.4 11.5 6.0 33.4
SD 1.3 1.9 2.0 3.7
CV 17.9% 16.8% 32.7% 11.2%

Abbreviations: CV = coefficient of variation; SD = standard
deviation.

for SBRT for lung cancer before the start of the JCOG 0403
protocol to assess interinstitutional variations in treatment
planning.

METHODS AND MATERIALS

This study was performed in two series. In the first series in
March 2004, seven institutions (A—-G) were asked to create virtual
plans for two cases (Cases 1 and 2; Figs. 1a and 1b). In the second
series in June 2004, two additional cases (Cases 3 and 4; Figs. 1c
and 1d) were added, and institutions A to G made plans for them.
At the same time, four institutions (H~K) joined the study and
created plans for Cases 1 to 4. In total, the 11 institutions created
virtual plans for the four cases.

Cases

Each case was a solitary lung cancer of T1 size (within 3 cm),
except for Case 4 (3.6 cm). Computed tomographic (CT) images of
Cases 1 and 2 were acquired under breath-holding with 2-mm-
thick slices around the tumor and 5-mm-thick slices elsewhere.
The CT images of Cases 3 and 4 were acquired under free-
breathing with 3-mm-thick slices around the tumor and 5-mm-
thick slices elsewhere using the “long-scan-time” technique, which
can visualize a major part of the trajectory of tumor movement by
scanning each slice for a long time (12). The images were trans-
ferred to the participants in a Digital Imaging and Communications
in Medicine—formatted CD-ROM.

Treatment planning
Radiation oncologists who were responsible for SBRT planning in
each institution planned for the cases in accordance with the JCOG

Table 3. Dose-volumetric data of the planning target volumes (PTVs)

Case 1 Case 2 Case 3 Case 4
PTVmax (Gy) 492 +0.7 49.1 £ 0.7 489 + 0.9 494 + 0.9
PTVmin (Gy) 414 =48 425+35 429 +28 41.0x 3.9
D95 (Gy) 443 +33 450+ 23 439 *36 433+ 43
HI 1.20 £ 0.16 1.16 = 0.09 1.14 = 0.06 1.22 £ 0.14
CI 2.04 = 0.55 1.80 + 0.32 2.02 =047 1.75 £ 0.13

Abbreviations: CI = conformity index; HI = homogeneity index.
Data are shown as mean * SD.
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Fig. 2. Variations in the dose~volumetric data of planning target volume (PTV); (a) PTVmax, (b) PTVmin, (c) D95, (d)
Homogeneity Index (HI), and (e) conformity index (CI). Lines join points of the same cases. The interinstitutional
variations were significant in PTVmax (p = 0.014), PTVmin (p < 0.001), D95 (p = 0.007) and HI (p < 0.001).
Significant differences were observed between institution K and institutions B, E, F, and H in PTVmax; between institution
D and institutions C, G, H, I, ], and K, between institution E and institutions C, I, and K, and between institution F and
institutions C and I in PTVmin; between institution D and institutions C, I and K in D95; and between institution D and
institutions A, B, C, G, H, I, J, and K in HI. The maximal differences in mean levels of institution were 2.1 Gy in
PTVmax (between institutions E and K), 10.2 Gy in PTVmin (between institutions C and D), 7.8 Gy in D95 (between
institutions D and K), and 0.33 in HI (between institutions D and I).

0403 protocol (see Appendix). The planning included the following
procedures: delineation of targets and organs at risk (OARs); selection
of beam energy; arrangement of irradiation beams; and dose calcula-
tionculation using their treatment planning systems. In Cases 1 and 2,
gross tumor volumes (GTVs) were contoured on the images, and
clinical target volumes (CTVs) were set to be identical to the GTVs.
Respiratory motion was assumed to be negligible in this virtual

planning, so internal target volumes (ITVs) were identical to the
GTVs. In Cases 3 and 4, ITVs were directly delineated on the
long—scan-time CT images. In all cases, planning target volumes
(PTVs) were created by adding 5-mm margins to the ITVs in all
directions. Planning OAR volumes (PRVs) were defined for the heart
in Case 2, for the aorta in Case 3, and for the spinal cord and the lung
in all cases. The margin between PRVs and OARs was 5 mm except
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