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Abstract

Objective Precise tumor alignment is vital in lung stereotactic
body radiotherapy (SBRT). Differences in center of mass
(COM) resulting from mixing and matching target delineation
methods, and planning image datasets could introduce sys-
tematic errors.

Methods Thirty consecutive lung SBRT patients were simu-
lated with free-breathing CT (FBCT), maximum inhalation
and exhalation breath hold CT (BHCT), and 4D-CT. Four
planning target volumes (PTV) were created: 5/10-mm expan-
sion from the gross tumor volume (GTV) in FBCT
(PTVEpcT), 5S-mm expansion from the internal target volume
(ITV) in BHCT (PTVgycr), S-mm expansion from the ITV in
the maximum intensity projection (PTVyp), and 5-mm ex-
pansion from the ITV in 4D-CT (PTVyp.cr). Using average
intensity projection CT (AIP-CT) or FBCT as the reference
images, PTVs were transferred after bony registration to com-
pare COMs.

Results When AIP-CT was used as reference, the mean
COM vector shifts of the PTVggcr, PTVguct, and
PTV4p.ct were 2.94 mm (p=0.0094), 4.35 mm (p=
0.0001), and 1.45 mm (p=0.57), respectively, relative to
the COM of the GTV on AIP-CT. When FBCT was used
as reference, the mean COM vector shifts of the
PTVBHCTa PTVMIP: and PTV4D—CT were 3.6 mm (p:
0.0006), 2.78 mm (p=0.003), and 2.94 mm (p=0.002)
relative to the GTV on FBCT, respectively.
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Conclusions Depending on the reference images used, the
COMs of the PTVgpcer, PTVeuct and PTVyp_ct are incon-
sistent, exhibiting significant shifts relative to each other. To
avoid possible systematic localization errors, we recommend
using 4D-CT/MIP for target delineation and AIP-CT for plan-
ning and alignment.
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Introduction

Methods used in target delineation, planning, and delivery of
lung SBRT have evolved rapidly and vary among institutions.
As these methods differ in the way they incorporate tumor
motion, there is potential for inconsistency and systematic
error that could affect treatment planning and image-guided
treatment delivery.

With the exception of respiratory gating and tumor track-
ing, there are three major methods of target delineation in lung
SBRT. The initial method applied empirical margins to the
gross tumor volume on a free-breathing CT (FBCT) without
considering the patient-specific tumor motion. This method
was adopted in an early protocol of Radiation Therapy
Oncology Group (RTOG) 0236, using fixed empiric margins
of 0.5 cm radially and 1 cm in the cranio-caudal dimensions
[1]. Some institutions continue to use this method today [2].
Other centers have evolved to use 4D-CT to define an indi-
vidualized ITV to account for patient-specific tumor motion.
However, centers lacking 4D-CT technology may resort to a
third method which combines the GTV volumes from three
co-registered CT scans: FBCT plus a maximum inhalation CT
and a maximum exhalation CT. The combination of the three
scans is used to define the full range of tumor motion to create
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an ITV. We refer to this method as breath-hold CT (BHCT) in
the remainder of the paper [3, 4].

Each of the above methods generates a PTV with a distinct
volume that associates with a center of mass (COM). The
COMs of these PTVs could be either consistent or inconsis-
tent with the COM of the tumor visible upon the planning CT.
Typically, either FBCT or average intensity projection (AIP)
from 4D-CT is chosen as the planning CT. Previous studies
have shown potential dosimetric effects of these differences,
but the COM shifts themselves have not been quantified to
determine the potential impact on both treatment planning and
image guidance [5]. Bradley et al. performed a spatial analysis
of COM which did not reveal significant differences between
COM of tumor on 4D-CT and the composite images: MIP and
AIP [6]. Further studies have determined that cone beam CT
(CBCT) image guidance can be precisely aligned with 4D CT
generated [TV volumes [7]. Thus, for 4D-CT-based volumes,
it is recommended to use AIP for both treatment planning and
cone beam image guidance. For centers not equipped with
4D-CT, a quantitative analysis of COM shifts applicable to
treatment planning and imaging guidance is valuable.

Here, we present a quantitative analysis of the magnitude
of COM differences for four different ITV delineation
methods: Two are 4D-CT-based (PTVy4p.ct and PTVyp),
the third uses empirical margin (PTVggcr), and the fourth is
the BHCT (PTVguct). By comparing COM shifts between
these PTVs and tumor on planning CT images (FBCT and
AIP-CT), our goal is to describe the likelihood with which
such mixing and matching could result in isocenter misalign-
ment and introduce systematic error.

Methods and materials
Patient selection

An Internal Review Board (IRB)-approved registry of lung
cancer SBRT cases was reviewed. Routine 4D-CT imaging
at the time of simulation began in early 2009, and a represen-
tative sample of 30 consecutive medically inoperable lung
SBRT patients with 32 lung lesions was selected. The median
age was 68, median Karnofsky Performance Status (KPS) was
80, and median lesion size was 2 cm (range 0.8 to 6.5 cm). All
patients had abdominal compression to restrict tumor motion.

Simulation procedure

Patients were simulated in the supine position in a vacuum bag
immobilization system (Bodyfix®, Elekta, Inc., Stockholm,
Sweden). Abdominal compression was adjusted under fluo-
roscopy to restrict tumor motion to less than 1 cm. Multiple
CT acquisitions, FBCT, BHCTs with the maximum exhalation
and maximum inhalation, and 4D-CT, were preformed
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sequentially, while patient remained in the same position,
using a Phillips Brilliance Big Bore CT scanner with 16 CT
detector rows (Phillips Medical Systems, Cleveland, Ohio)
and 3-mm slice thickness. For each patient, 4D-CT was recon-
structed into 10 phases with a mean acquisition time of 100 s.

Target volume derivation

For each patient, tumors were delineated on CT with lung
windowing by the same physician for consistency. Four plan-
ning target volumes (PTV) were created as follows: 5/10-mm
expansion from the gross tumor volume (GTV) in FBCT con-
sistent with RTOG 0236 protocol [1] (PTVgpcrt), S-mm ex-
pansion from the internal target volume (ITV) in BHCT
(PTVgucr), S-mm expansion from the ITV in the maximum
intensity projection (PTVyyp), and 5-mm expansion from the
ITV in 4D-CT (PTV4p.ct). Pictorial representations of the
four PTVs are illustrated in Fig. 1.

Center of mass (COM) shift determination

The COMs of the PTVs were obtained using MIMuvista soft-
ware (MIMuvista, Cleveland OH). In order to have all COMs
in the same coordinate system, all CT images were rigidly
registered aligning to the spinal column and posterior rib bony
anatomy. For PTVgpcer, FBCT was used as the base image set
for coregistration. COMs of the GTV on the FBCT and AIP-
CT were defined as two reference points to quantify the rela-
tive shifts of COMs of all PTVs.

Data management and statistical analysis

Statistical analysis was performed using JMP v.10 (SAS,
Cary, NC) software. The PTV volumes relative to PTV pcr
were compared using ¢ tests with Bonferroni corrections to
adjust for multiple comparisons. Confidence levels were set
to 0.05 for overall test and adjusted with Bonferroni correc-
tions to preserve that level of significance for multiple com-
parisons. COM shifts were compared with ANOVA as a pre-
liminary test to identify an overall difference between groups,
and serial 7 tests with Bonferroni correction to preserve an
overall alpha level of 0.05 were employed for individual
comparisons.

Results

Volumetric differences were observed between different PTV
creation methods as shown in Table 1. The PTVggcr and
PTVgycr were on average significantly larger by 11 and
17 %, respectively (p=0.0011 and 0.0167 — Bonferroni level
p=0.0167 for overall ®=0.05). The PTVp volume was not
significantly different from the PTV p.ct.
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Fig. 1 Shown are pictographs
depicting the target volumes
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AIP-CT as a planning reference CT

When the COM of the GTV on the AIP-CT was compared to
the COMs of PTV4D_CT, PTVFBCT: and PTVBHCTs Signiﬁcant
shifts in the COM from PTVggcrand PTVgycr were observed
(Fig. 2a). The mean magnitude shifts for PTVggct and
PTVgpcrwere 2.94 and 4.35 mm, respectively. In comparison,
the mean COM shift of PTV4p_crwas 1.45 mm. Since previous
studies have identified COM shifts from 4D-CT modalities to
be negligible, a value of 1.5 mm was set for comparison in the ¢
test based on the stability of COM [6]. The mean COM mag-
nitude shifts were significantly greater than the 1.5 mm thresh-
old for PTVggcrand PTVgycer (p=0.0094 and 0.0001 respec-
tively with Bonferroni correction p=0.025 for an overall a=
0.05). For two patients, the COM shifts of the PTVgpcr
exceeded the planning margin of 5 mm as initially defined by
RTOG 0236. For five (16.7 %) patients, the COM shifts of the
PTVgycr exceeded the planning margins of 5 mm.

Figure 2b, c illustrates the implications of COM shifts on
target volume positions on the AIP-CT for a selected patient

Table 1  Volumes of each PTV relative to the volume of PTVp_ctare
shown
Mean % of 95 % confidence p value
PTV,p.ct volume interval
PTVgger 111.5 120.8-102.2 0.0167*
PTVguer 117.1 126.8-107.4 0.0011%*
PTVyvrp 99.2 104.0-94.4 0.731

95 % confidence intervals and p values relative to mean PTV,p_ct are
shown (Bonferroni correction p=0.0167 for overall «=0.05)

*statistically significant after Bonferroni correction

with a significant shift. In Fig. 2b, the GTVpp (green) was di-
rectly delineated on the AIP-CT. The PTVycr (cyan) was trans-
ferred to the AIP-CT image after bony registration between the
FBCT and AIP-CT as PTVgycr is typically drawn on the FBCT.
As shown in Fig. 2b, the GTVp was inside the superior portion
of the cyan PTVgpycr. If the registration between the FBCT and
AIP-CT was changed to align to the GTVs instead of bony
alignment, Fig. 2c shows the transferred PTVgycr (red).
Because of different alignment focal regions (bone vs. tumor),
the COMs between the cyan PTVgycr in Fig. 2b and the red
PTVgycr in Fig. 2¢ were shifted by 18 mm. This shift could
translate to geometric miss of the GTV at the extreme position of
the breathing cycle. To illustrate this, we transferred the GTV
position (blue) onto Fig. 2¢ from the inhale CT scan after bony
registration between the FBCT and AIP-CT.

These COM shifts of PTVggcr and PTVgyer relative to
GTV on AIP-CT have clinical implications on image guid-
ance. Due the slow acquisition of CBCT, the COM of the
GTV on the CBCT can be considered concordant to the
COM of the GTV on the AIP-CT. In contrast, when multiple
breath hold CTs are acquired to define the PTVgycr, the treat-
ment plan is typically designed on the FBCT. However, COM
of such a volume may be displaced relative to AIP CT. As a
result, if the FBCT image was used as the reference CT for
image-guided radiotherapy (IGRT) delivery and the two im-
ages were aligned to the tumor, the observed COM shift could
be introduced during this alignment.

Free-breathing CT as a reference CT

To confirm that the above results were not due to selecting the
AIP-CT as the reference CT, we chose the FBCT as the
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Fig. 2 a The mean COM shifts in medio-lateral, anterior-posterior,
superior-inferior directions, and the mean magnitude relative to COM
ofthe tumor on AIP-CT. b The ITV on AIP-CT (green) and the PTVgpcr
(blue) transferred based on bony registration are shown in sagittal and
coronal views of AIP-CT. ¢ The PTVgyct (red) transferred based on
alignment to tumor on AIP-CT are shown in sagittal and coronal views.
The GTV (dark blue) from the breath hold maximum inhaled CT is
shown on AIP-CT after bony alignment and is not encompassed by the
displaced PTVgycr
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reference CT. After registering to the bony anatomy among
different CTs, in relative to the COM of'the GTV in the FBCT,
the average magnitude shifts of the COMs of PTVgycr,
PTVmip, and PTV,p.cr were 3.6, 2.78, and 2.94 mm respec-
tively. The details of these shifts are shown in Fig. 3. The
COM magnitude shifts for the PTVgycr, PTVumip, and
PTVy4p.cr relative to the COM of the PTVgpcr were signifi-
cantly greater than 1.5 mm (p=0.002, 0.003, and 0.0006, re-
spectively, Bonferroni correction p=0.0167 for overall o=
0.05). No directional trends in these shifts were observed.
Figure 3b, c illustrates the potential implications of COM
shifts for a selected patient. In Fig. 3b, the GTV (green) was
directly delineated from the FBCT. After registering to the
bony anatomy between the FBCT and AIP-CT, the PTV p.
ct was transferred to the FBCT as displayed blue in Fig. 3b in
sagittal and coronal and views. The transferred PTV,p_c1
(blue in Fig. 3b) encompassed the GTV (green in Fig. 3b)
from the FBCT. If the registration focal region changed to
the tumor (i.e., GTV) between the FBCT and AIP-CT, the
transferred PTV4p.ct was in yellow in Fig. 3c. Because of
different alignment focal regions (bone vs. tumor), the
COMs between the blue PTV,p_cr in Fig. 3b and the yellow
PTVy4p.cr in Fig. 3¢ were shifted by 10 mm. This shift could
translate to geometric miss of the ITV that was defined based
on 4D-CT. To illustrate this, we transferred the ITV4p._ct (red
in Fig. 3¢) from the 4D-CT after bony registration between the
FBCT and AIP-CT. As shown in Fig. 3c, the shifted yellow
PTV4p.cr did not encompass the entire the ITVp_ct (red).

Discussion

Studies have demonstrated that target volume delineation
using 4D CT image datasets with planning on average
intensity projection CT and cone beam CT image guid-
ance results in minimal systematic error [5—7]. However,
not all radiotherapy centers have access to this technology
and may choose to employ alternative methods of target
delineation including breath hold CT and empirical mar-
gins on a free-breathing CT. Without consideration of the
limitations of the various methods of tumor motion delin-
eation, the differences in COM between the PTV and the
tumor apparent on FBCT and AIP CT could introduce
systematic errors. Our study quantifies the COM shifts
present in a series of consecutive lung SBRT patients.
These errors can be introduced at two timepoints: during
volume transfer between the different CT image sets and
during IGRT alignment for treatment delivery.

At the time of treatment planning, the use of FBCT is
problematic. Our study demonstrates significant shift magni-
tudes for PTVBHCT: PTVM]]), and PTV4D-CT Of3.6, 278, and
2.94 mm in relative to the PTVgpcr, respectively. These shifts
are likely owing to fast CT acquisition, where the center of the
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Fig. 3 a Mean COM shifts in
medio-lateral, anterior-posterior,
and superior-inferior directions
and the mean magnitude from
aligning to COM of the GTV in
FBCT are shown. b For a selected
patient: sagittal and coronal views
of FBCT tumor (green) and
PTV,p.craligned to the bony
anatomy (blue). ¢ The PTVyp.cr
aligned to the tumor on FBCT
(vellow) is shown on sagittal and
coronal views of FBCT. The
ITVyp.ct (red) is shown on
FBCT after bony alignment and is
not encompassed by the displaced
PTVup.cr
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tumor may be captured on any phase of a breathing cycle,
which is not representative of the COM seen on AIP-CT.
This effect is seen in Fig. 4 which shows the variable positions
of the PTVp.c1/PTVup (in yellow) relative to the GTVs (in
cyan) from the FBCT. Since the COM of FBCT is not a re-
producible estimate of tumor position, we recommend bony
registration of other CT scans with the FBCT planning scan in
order to avoid COM misalignment during transfer of contours.

Despite limitations, free-breathing CT is still commonly
used as the reference CT for treatment planning and IGRT
[7]. Some centers continue to prefer FBCT for planning be-
cause of concerns about inferior imaging quality of the 4D-
CT-derived series and inability to place an iso-center directly
on AIP-CT as it is synthetic CT. Others are concerned about
the relationship of the CT number to electron density in AIP-
CT, which may affect the dose calculation accuracy. Current
RTOG protocols still allow the free-breathing CT be used as
the primary planning CT while also allowing a variety of ITV
creation methods [8].

By contrast, when AIP CT is used as the planning CT,
PTVy4p.ctor PTVyyp have no significant COM displacement,
confirming that AIP-CT is a reliable planning CT [6]. The
same is not true, however, for PTVggcer and PTVgger, where
mean COM shifts of 2.94 and 4.35 mm, respectively, were
observed. Once again, to avoid COM displacement, the PTV
and FBCT/BHCT to AIP-CT fusion should be performed
using bony registration.

Other studies have addressed the challenges of 4D-CT-
based planning and have suggested that employing AIP-
CT as planning CT is feasible by applying correction pa-
rameters to achieve comparable Hounsfield units to ac-
count for tissue electron density in treatment planning
[9, 10]. While differences in Hounsfield units between

Fig. 4 Sagittal and coronal
images of maximum intensity

projection from 4D-CT for three

patients are shown with the GTV .

from FBCT (cyan) and patient- Patient 1

specific ITV from MIP (yellow)

after bony registration between

the FBCT with the 4D-CT
Patient 2
Patient 3
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FBCT and AIP-CT exist, we speculate that displacement
of center of mass on FBCT is likely to be more problem-
atic for tumor coverage.

At the time of treatment delivery, selection of the ap-
propriate reference image for CBCT delivery is crucial as
similar problems of alignment can occur. If the FBCT is
used as the reference image for aligning to the tumor seen
on kV-CBCT at the time delivery, aligning tumor to tumor
could, paradoxically, introduce an isocenter displacement.
In contrast, the COM of PTVyp and PTVyp.cr to COM
of tumor on AIP-CT are consistent. Phantom studies have
confirmed that the tumor projections obtained from kV-
CBCT are most similar to AIP-CT [11]. Our study vali-
dates this consistency for a series of consecutive patients.
By contrast, aligning PTVggct or PTVgycr is problemat-
ic, and the resultant systematic error exceeded the typical
ITV to PTV expansion of 5 mm for 5.6 % of the patients
in our study.

While COM magnitude shifts are minimized with 4D-CT/
MIP for target delineation and AIP CT for planning and IGRT
alignment, larger COM magnitude shifts will not necessarily
result in a target miss. When COM magnitude shifts are small,
PTV margin could account for the displacement while still
accounting for mechanical setup and other random error in-
herent in SBRT delivery. Also, the larger PTV volumes creat-
ed with BHCT and FBCT could account for the increased
COM displacement. Nonetheless, as illustrated in Figs. 2c
and 3¢, COM displacement may exceed these factors.
However, even in this situation, high doses in SBRT immedi-
ately beyond the edge of the PTV could still prevent a mar-
ginal failure.

Our study is limited by its retrospective design. Also, since
all contours were created by one author, the resulting ITVs
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and PTVs may be more similar than if contoured by different
investigators. We did attempt to limit any bias by varying the
order in which GTVs were contoured, but awareness of pre-
vious contours could not be completely avoided. This ap-
proach potentially minimizes differences and would be likely
to minimize center of mass shifts and should not bias the
study’s significant findings. Also, we accounted for slight dif-
ferences in COM resulting from slight differences in contours
between scans though comparison of COM between volumes
on different phases of the 4D-CT. Our study does not assess
the impact of aligning using 4D-CBCT, but similar principles
in terms of COM are likely to apply.

Conclusions

The center of mass (COM) of the PTVggcr, PTVeuer and
PTV,4p.cr is inconsistent, exhibiting significant shifts relative
to each other. PTV p.ct COM is consistent with GTV on AIP-
CT, while PTVggcr and PTVpycer exhibited significant dis-
placement. PTVgycr, PTVump, and PTV per are all discor-
dant with COM of GTV on FBCT. Use of 4D-CT/MIP for
target delineation and AIP CT for planning and IGRT align-
ment is recommended. Alternative methods of target delinea-
tion combined with AIP-CT for planning and IGRT may in-
troduce systematic error greater than or equal to the PTV mar-
gin in over 5 % of treatments.
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