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ABSTRACT

Purpose: To investigate the efficacy of using cone beam CT with extended longitudinal field-of-view (CBCT,rov) for image guided adaptive radiotherapy (IGART).
Methods: The protocol acquires two CBCT scans with a linear translation of treatment couch in the patient plane, allowing a 1 cm penumbral overlap (i.e. cone beam
abutment) and fused as a single DICOM set (CBCTrov) using a custom-developed software script (coded in MatLab®) for extended localization. Systemic validation
was performed to evaluate the geometric and Hounsfield Units accuracy at the overlapping regions of the CBCTc rov using a Catphan®-504 phantom. Two case
studies were used to illustrate the CBCT. roy-based IGART workflow in terms of dosimetric and clinical perspectives. Segmentation accuracy/association between
repeat CT (re-CT) and CBCT, rov Was evaluated. Moreover, the efficacy of the CBCT¢ oy image data in deformable registration was also described.

Results: Slice geometry, spatial resolution, line profiles and HU accuracy in the overlapping regions of the CBCT,;rov yielded identical results when compared with
reference CBCT. In patient studies, the dice-similarity-coefficient evaluation showed a good association (> 0.9) between re-CT and CBCT,; roy. Dosimetric analysis of
the CBCT, rov-based adaptive re-plans showed excellent agreement with re-CT based re-plans. Moreover, a similar and consistent pattern of results was also observed
using deformed image data (initial planning CT deformed to CBCTerrov) With extended longitudinal projection and the same frame-of-reference as that of the
CBCTerrov-

Conclusion: Utilization of CBCTerrov proves to be clinically appropriate and enables accurate prediction of geometric and dosimetric consequences within the
planned course of treatment. The ability to compute CBCT. roy-based treatment plans equivalent to re-CT promises a potential improvement in IGART practice.

1. Introduction

A kilovoltage cone beam computed tomography (kV CBCT) system
mounted on a modern linear accelerator enables acquisition of high-
resolution volumetric images for online image guidance and target lo-
calization [1,2]. This system helps to ensure high precision in con-
formal dose delivery by correcting the rigid displacements and setup
errors in treatment geometry in terms of the respective table shifts
[3,4]. The vital role of kV CBCT is not limited only to image guided
radiotherapy, but is also extended in the determination of non-rigid
anatomical transformations viz., change in body contour, tumor
shrinkage or growth, and variation in organ filling [5] during the course
of treatment. Currently, kV CBCT images are utilized effectively to
predict the deviations in the delivered dose distributions. This image
data is a promising tool to aid clinical decision making when the phy-
sician has to choose between the options of either re-planning or con-
tinuing the same plan [6].

Several reports in literature have emphasized the importance of
image guided adaptive radiotherapy (IGART) as a part of clinical
practice to enhance the therapeutic ratio [7-10]. In most
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circumstances, acquisition of repeat CT (re-CT) has been shown to be
the key requisite to perform the IGART. There are a few practical
considerations and challenges in implementing re-CT based IGART in
the routine clinical setting, due to the repetition of the entire chain of
processes involved in radiotherapy viz., simulation, contouring, dose
calculation and pre-treatment dosimetric verification. Another practical
concern in re-CT based IGART is the increased financial burden on the
treating institution (due to the additional cost of re-imaging and re-
planning) [11]. Additionally, each re-CT demands additional work in-
puts in terms of time and labor from the clinical staff, physicist and
physician involved in the procedure, and also decrease the patient
throughput [11].

Many investigators have employed kV CBCT images for re-optimi-
zation (or re-planning) purposes in order to address the issues related
with re-CT [12-15]. Though these images provide appropriate “re-
construction field-of-view” (recon-FOV) of 45cm, the “longitudinal
field-of-view” (longi-FOV) is limited to a mere 16 cm [16-19] which is
clinically inadequate. More specifically, this limitation results in si-
tuations such as mapped structures falling beyond the longi-FOV of
single CBCT when adapting inter-fraction changes through CT-CBCT
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registration. In addition, dose calculation with CBCT is complex unlike
conventional CT, due to their inaccuracies in Hounsfield Units (HU)
[20-24], thereby restricting its potential use in IGART.

The present study describes the practical usefulness of CBCT with
extended longi-FOV (CBCT, roy) for IGART in the clinical setting [19].
Initially, CBCT. rov image sets have been carefully validated by eval-
uating the image geometry, spatial resolution and HU accuracy using a
Catphan phantom. Subsequently, the end-to-end workflow of two pa-
tients who underwent IGART with re-CT has been compared with
CBCTe rov-based IGART for clinical evaluation. Finally, this study has
also been extended to show the efficacy of CBCT. roy image data in
deformable registration for use in IGART.

2. Materials and methods
2.1. CBCT acquisition parameters and geometry

CBCT images have been acquired using a Clinac2100C/D linear
accelerator equipped with On-Board Imager® (OBI) kV imaging system
(Varian Medical systems, Palo Alto, CA), having fixed acquisition
parameters viz., 125kVp, 80 mA and 684 mAs with a matrix size of
512 x 512 pixels and slice thickness of 2 mm. The CBCT images of the
phantom and patient were acquired with half-fan acquisition geometry
with half-bowtie filter configuration. In this acquisition mode, the OBI
system acquires 600-700 partially-covered projection images over a
gantry rotation of 360°.

2.2. Dual-scan CBCT fusion strategy

Two CBCT images were acquired with linear translations of the
couch (15 cm shift in the longitudinal direction with respect to the first
couch position that results in a 1 cm penumbral overlap) along the
patient plane, and fused into a single DICOM (i.e. CBCT¢ rov) set, based
on their respective “TableTopLongitudinalPosition” DICOM-tag [19] as
shown in Fig. 1.

Subsequently, the custom-developed software script, coded in
MatLab® (vR2018a, The MathWorks Inc, USA) was used to perform HU
averaging in the abutting region (Fig. 2) and to correct the HU values in
the high density regions [19].

The resultant CBCTe rov image set with 31 cm longitudinal projec-
tion was then assigned with the same unique identifiers (UID) viz.,
StudylInstanceUID, SeriesInstanceUID and FrameOfReferenceUID and a
SeriesNumber tag (in their DICOM header) as those of the first image
series. Furthermore, the InstanceNumber and ImagePositionPatient
DICOM entities have also been assigned in line with the first series, in
order to identify each slice and the centre of the first voxel transmitted
in the image.

2.3. Validation of CBCT,rrov image data

The validation of the overlapping slices of CBCT oy Were carried
out by evaluating the spatial resolution using the CTP528 module of the
Catphan-504 phantom (The Phantom Laboratory, Greenwich, NY)
which consists of 21-line pairs per centimeter test gauge [25]. Also, the
scanned slice geometry, misalignment errors and HU accuracy were
evaluated using the CTP404 test module of the same phantom. The
CTP404 module consists of two pairs of 23° wire ramps (one pair or-
iented parallel to the x-axis and the other to the y-axis) and seven
density inserts viz., Air (0 g/cms), Teflon® (2.16 g/cm3), Derlin®
(1.42g/cm®), Acrylic (1.18g/cm®), polystyrene (1.03g/cm®), low
density polyethylene (LDPE, 0.92 g/cm®) and polymethylpentene (PMP,
0.83 g/cms) (25), as shown in Fig. 3.

The geometric accuracy of each slice was determined using line
profile analysis taken across the fused wire ramp objects of CTP404
module. The thickness of the slices was verified by taking the product of
full width at half maximum HU values (HUgwun) With a factor 0.4245
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Fig. 1. Coronal images of Catphan-504. (a) First CBCT scan (b) Second CBCT
scan with 15 cm longitudinal table shift and (c¢) fused CBCT (CBCT¢rrov). The
cross-hairs and highlighted regions indicate the central slice and the over-
lapping region at CTP404 test module respectively.

(=tan 23°) as stated in Egs. (1) and (2).

HUpwim = 0.5(HUBS,) + HUgg (@))

SP(mm) = HUpwyy * tan23°

(2)

where, HUSS, (in Eq. (1)) is the peak HU value minus mean background
HU (HUgg). The letters ‘h’ and ‘f” used in Eq. (2) stand for head and foot
directions respectively, which denote the slice numbers in the overlap
(Fig. 2).

The possible misalignments as illustrated in Fig. 4 were managed
effectively by obtaining an optimum registration between identical
slices in the overlap prior to the fusion. All the test results have been
validated with care, in comparison with reference CBCT data (CBCT,f)
which refers to the routine CBCT acquired at the same time with
standard longi-FOV of 16 cm.

2.4. Patient simulation and dose calculation

Paradigms of clinical scenarios illustrating the end-to-end VMAT
treatment workflow of two patients who underwent IGART with re-CT
were also evaluated using CBCT. roy image sets. The initial planning
CT (initial-pCT) images of the patients were acquired with 500 mm
recon-FOV, 3 mm slice thickness and fixed exposure parameters specific
to imaging site (120 kVp and 270 mA for the pelvic scan and 120 kVp
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Fig. 2. Schematic (not to scale) illustrating the transversal and side view of half-fan CBCT acquisition geometry used for extended longi-FOV localization.

and 200 mA for the head and neck scan) using Biograph True Point HD
CT scanner (Siemens Healthineers, Erlangen, Germany) and transferred
to the Eclipse™ treatment planning system (TPS) (v13.7, Varian Medial
Systems, Palo Alto, CA) for structure delineation and dose calculation.

2.4.1. Study I (Abdomen and pelvis)

In this study, a female patient diagnosed with cervical carcinoma
with paraaortic nodal recurrence was investigated. As part of the
treatment simulation, the patient who was immobilized in the supine
position with a whole body Vac-Lok™ (CIVCO Radiotherapy, Orange
City, IA), underwent oral and intravenous contrast administration prior

to the imaging. The initial-pCT was acquired from the level of dia-
phragm to mid-thigh and exported to Eclipse TPS. The gross tumor
volume (GTV) was the paraaortic lymph node (T;, to L;) which was
radiologically identified on the initial-pCT image set. The clinical target
volume (CTV) was created by adding an asymmetric margin (0.5-1 cm)
to the GTV. The planning target volume (PTV) included a symmetric
margin of 5mm to the CTV to account for the geometric and setup
uncertainties as per the institutional protocol. Additionally, organs-at-
risk (OARs) viz., kidneys, bowel bag, and spinal cord were delineated.

23° ramps

LDPE

50 mm space
air (3) and
Teflon (1)
rods
Polystyrene

Transversal view

Teflon

Derlin

Acrylic

Sagittal view

Fig. 3.

131

Schematic of CTP404 test module of Catphan-504 phantom used for scanned slice geometry and HU analysis.
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Fig. 4. An example illustrating the fused identical slices in the overlap. (a) Correct alignment, (b, ¢ and d) incorrect alignments with shift in the diagonal, lateral and
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Fig. 5. An overview of conventional (blue arrow) and proposed IGART workflow (green arrow) diagram. (For interpretation of the references to colour in this figure
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Table 1
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Scanned slice geometry, spatial resolution and HU comparison between CBCT,er and CBCTerroy-

Slice Geometry (cm) High Resolution (line pair/cm)

Sensitometry (HU)

Slice No.  CBCT,ef CBCTerrov CBCT et CBCTerrov Insert CBCT et CBCTerrov
&/y) x/y) (HU range)

st 0.21/0.22 0.23/0.22 4 4 Air —-994 £ 6 -—998 £ 5
(—1046:
—986)

S 0.23/0.22 0.22/0.22 Teflon 998 = 10 1036 = 11
(941: 1060)

s 0.24/0.22 0.25/0.24 Derlin 345 £ 7 360.3 = 10
(344: 387)

3 0.25/0.22 0.24/0.25 Acrylic 122 + 7 135 + 8
(92: 137)

7 0.22/0.22 0.25/0.25 Polystyrene =377 -36 =7
(—65: —29)

- LDPE -97 6 -91 %7
(—121: —-87)
PMP —-189 £+ 6 -—184 =8
(—220: —172)

* Catphan-504 manual (The Phantom Laboratory, Greenwich, NY).

2.4.2. Study II (Head and neck)

In this study, a male patient diagnosed with nasopharyngeal carci-
noma was investigated. During simulation, the patient was immobilized
in the supine position using a Thermoplastic mask (Orfit Industries,
Wijnegem, Belgium) and the initial-pCT images were acquired from the
level of the vertex to the sternal angle with intravenous contrast. The
GTV defined in this study was delineated using PET-CT fusion. While
the high-risk CTV (CTVes gy) included the pre-induction GTV in the
nasopharynx and gross nodal disease with a 5 mm symmetric margin,
the low-risk CTV (CTVs¢.4 gy) included the areas of potential micro-
scopic disease around the primary as well as the uninvolved bilateral
lower neck nodes. Besides, both the PTV structures viz., PTVgg gy and
PTVs94 gy Were created with a symmetric margin of 5mm around
CTVes gy and CTVsg4 gy respectively, to account for delivery un-
certainties. The PTV structures were adjusted in such a way that they
did not extend either outside the body contour or inside the critical
OARs, especially the spinal cord and brain stem.

2.5. Adaptive re-simulation and re-optimization

In study I (abdomen and pelvic site), significant loss of body mass
resulted in an undesirable difference in the upper quadrant of the ab-
dominal region in the online rigid registration. On the other hand, re-
gistration results of the normal tissues and bone structures in the lower
quadrant were in contrast to those in the upper quadrant, where op-
timum matches between the initial-pCT and CBCT were observed.
Owing to this unusual observation, the treatment was interrupted (in
the 4th week) and the patient underwent re-CT with same im-
mobilization. Similarly, online re-simulation was performed to acquire
CBCT. rov images of the patient (on the table treatment position). At
first, the target and OAR structures and beam centre co-ordinates from
the initial-pCT were mapped on to re-CT and CBCT, oy through rigid
registration. The structural changes were updated as required on both
the image sets independently by the same physician, to avoid inter-
observer uncertainties. Subsequently, the original plan control point
parameters viz., monitor units and multileaf collimator geometry (as a
function of dose rate, gantry angle and gantry speed) were imported
and the dose re-calculation was performed. This procedure revealed the
actual dosimetric scenario of the patient treatment when the same plan
is continued. In this study, five major structures viz., PTV, CTV, kidneys
(right and left) and bowel bag were chosen for plan evaluation. Finally,
to account for the contour changes, adaptive re-optimization was
computed on both re-CT and CBCT¢ roy image sets.
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A similar investigation was also performed for the patient with head
and neck cancer in study II. The factor that interrupted treatment (in
the 5th week) was primarily a setup error due to irreproducible spine
geometry at the neck region. For this patient, minor reduction in body
mass and nodal shrinkage were also observed in the online rigid re-
gistration. This case selection was made to test the dosimetric impact of
setup uncertainty during course of the treatment. In order to address
the same, a new thermoplastic mask immobilization was used. The re-
CT and CBCT,roy image sets were acquired as described in study I. The
structure sets (and beam centre co-ordinates) were then mapped and
updated on both data sets, and the dose re-calculations were generated.
In this study, the targets and vital OARs viz., PTVes Gy, PTVs0.4 gy,
CTVe6 gy, CTVs9.4 gy, parotid (left and right), spinal cord, brainstem and
mandible were analyzed in plan evaluation.

Though the primary cause of treatment interruption was different
for the two studies as stated above, an identical re-planning workflow
was followed to test the potential of CBCTerov guided adaptive
radiotherapy. For both patients, the adaptive VMAT re-plan computed
on re-CT was utilized to complete the remaining course of treatment.

2.6. Modified demons algorithm and deformed initial-pCT for IGART

In the present study, the efficacy of modified demons deformable
registration algorithm (MDDR) (v13.6, Eclipse SmartAdapt, Varian
Medical Systems, Palo Alto, CA) for IGART was also investigated. The
differences in image intensity (or the HU value) between the source
(initial-pCT) and target (re-CT or CBCT¢rov) images are the driving
forces for the demon algorithms. The basic concept behind this algo-
rithm is that the non-rigid transformation of an object can be described
by a diffusion equation [26]. Solving this equation is an iterative pro-
cess in which the spatial transformation of target image voxels are
scaled with respect to the same voxels in the source image, so that the
latter can be morphed and aligned voxel by voxel into the former in
image space.

The MDDR approach presented in our study consists of two distinct
deformed initial-pCT image sets, of which one was deformed to re-CT
and the other was deformed to CBCT¢ roy. Each deformed data set
shares the same frame of reference and DICOM UIDs as those of its
corresponding target image set. The entire IGART workflow described
with re-CT and CBCT oy were also investigated using the deformed
data sets. This approach was proposed in order to use the HU values of
the conventional CT (deformed initial-pCT) image sets for dose calcu-
lation, as it does not require any HU correction and can be utilized
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Fig. 6. All five fused slices of CTP404 module with exact ramp alignment in comparison with the corresponding slices of CBCT,.s and the line profiles across the
ramps (indicated by dotted lines on the first slice). (a) CBCTerrov, (b) CBCT,er, (¢) and (d) line profiles along X — axis and Y - axis ramp respectively.

directly for the calculation of dose.

We have also included further studies to describe the usability of
CBCT,irov for deformable registration and for IGART. The complete
overview of conventional re-CT and proposed CBCT, oy (or initial-pCT
deformed to CBCTroy) based IGART workflow is presented in Fig. 5.

2.7. Similarity comparison metric

At first, the centre of mass shift co-ordinates (CMS,, ,) of all the
structures delineated in the initial-pCT (original baseline) were re-
corded and compared with those mapped and updated on the re-CT as
well as the CBCTeiroy. Similar evaluation was also made for the
structures updated on deformed image sets in comparison with the re-
CT (new baseline). Secondly, the volumetric dice-similarity-coefficient
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(DSCyo1) was used to evaluate the degree of association in spatial
overlap of structures defined among the adaptive image sets (i.e. re-CT,
CBCTrov, initial-pCT deformed to re-CT and initial-pCT deformed to
CBCTerrov)- DSCyor is an important quantitative metric, widely used to
test image segmentation accuracy. It pertains to the geometric inter-
section of two structure volumes normalized to their mean volume,
which can be calculated as stated in Eq. (3) [27].

NXNY)

DSCvoL = N0 + N

3
where, ‘X’ is the structure geometry defined on re-CT (considered as
new baseline reference), ‘Y’ is the structure defined on CBCTrov and
deformed initial-pCT image sets, and N is the number of voxels. The
value of DSCyop ranges from O to 1, that is analogous to “no
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Fig. 7. Axial and sagittal images of head and neck patient. (a) re-CT (a new baseline standard), (b) CBCTerov, (¢) initial-pCT deformed to re-CT and (d) initial-pCT
deformed to CBCTrov. (Red arrow indicates less than desirable mandible deformation results of MDDR). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

Table 2

The measure of central tendency of CMS, , , and DSC,,, before and after contour adaption.

Case ID pCT vs. re-CT PCT vs. CBCTerrov re-CT vs. CBCTerrov re-CT vs. pCT deformed to re- re-CT vs. pCT deformed to
CT CBCTerrov
Study I Centre of mass shift (X, Y, Z) in mm
(mean * SD (range) 1.7 * 2.2 (1.0-4.0), 1.4 = 2.2 (0.4-3.2), 0 = 0(0-0.1), 0.1 = 0.1 (0-0.1), 0.8 = 1.1 (0.1-2.3),
4.1 = 3.6 (1.0-10.0), 2.7 = 3.6 (0.8-8.7), 0.1 = 0.1 (0-0.2), 0.1 = 0.1 (0-0.1), 0.3 = 1.5 (0-2.7),
1.4 = 3.0 (0-7.0) 0 = 3.0 (0.9-4.7) 0.3 = 0.3 (0-0.9) 0.3 + 0.3 (0.3-0.7) 1.2 = 2.6 (0.1-2.3)
Study II 0.7 = 3.6 (0-8.0), 0.9 + 3.5(0.1-7.5), 0.1 = 0.5(0.1-1.2), 0.0 £ 0.2 (0-0.4), 0.2 = 0.5 (0-1.3),
(mean * SD (range) 7.3 * 2.3 (3.5-10.4), 7.8 = 3.2(2.3-11.1), 1.0 = 1.1 (0-3.1), 0.3 = 0.5 (0.1-0.9), 0.2 = 0.9 (0-1.7),
0.1 + 4.8 (0.3-9.2) 1.3 = 4.9 (1.1-8.2) 1.2 = 1.5 (0.1-4.6) 0.8 = 0.7 (0.1-2.1) 0.7 + 1.3 (0.1-3.1)
Volumetric dice-similarity-coefficient
Study I 0.80 = 0.06 0.82 = 0.05 0.97 = 0.01 0.96 = 0.01 (0.95-0.98) 0.93 = 0.05 (0.87-0.98)
(mean * SD (range) (0.74-0.89) (0.77-0.88) (0.95-0.98)
Study 11 0.56 + 0.19 0.54 = 0.18 0.89 = 0.05 0.94 + 0.03 (0.90-0.98) 0.94 + 0.54 (0.83-0.99)
(mean + SD (range) (0.28-0.78) (0.28-0.78) (0.81-0.95)

correspondence” and “complete correspondence” respectively.
3. Results
3.1. Slice geometry, spatial resolution and HU analysis

Table 1 compares the slice geometry, spatial resolution and HU
values of CBCTerov (Where the cone beam overlap occurred) with
those of CBCT.s The spatial resolution evaluated at the centre of
overlap was found to be identical to that of CBCT,.s image set as re-
ported in the same table. The optimally fused five overlapping axial
slices of CBCT¢ roy Were found to have similar spatial geometry and
ramp alignment in comparison with CBCT,s data sets as shown in
Fig. 6a and b. A marginal increase in profile widths and decrease in
HUES, values were found in the line profiles (across the ramp objects)
of CBCTerov When compared with CBCT,, for all the five slices
evaluated. Fig. 6¢ and d illustrate those profiles across both X and Y

axes of the ramps. Slice thickness analysis showed that the variation
was within + 0.3 mm, showing good agreement overall. The maximum
HU variation observed between CBCT¢ oy and CBCT,.f images was <
40 HU that was well within the HU range specified by the manufacturer
[25].

3.2. Structure volume comparison

In both case studies, the variations observed in the volumes of target
and OAR structures between initial-pCT and re-CT were found to be
similar to those observed between initial-pCT and CBCTe;roy-

In study I, the relative difference in structure volumes between re-
CT and CBCT rov Was found to be within = 2%. A consistent pattern of
results was also observed for all the structures updated on the deformed
initial-pCT image sets (i.e. initial-pCT deformed to re-CT and CBCTcrrov
respectively). However, a maximum difference of about 10% that cor-
responds to an absolute value of 14.5cc was observed in the right
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kidney structure, updated on the initial-pCT deformed to CBCT¢roy-

In study II, the structure volume comparison showed a similar trend
as observed in study I. Further, it was noted that the CTVs94 gy and
mandible structures updated on the CBCT¢rov and deformed image
sets were recorded with greater variation in comparison with re-CT.
The axial and sagittal planes of re-CT, CBCTroy, and initial-pCT de-
formed to re-CT and CBCT, rov are presented in Fig. 7.

3.3. Structure similarity comparison

In both the case studies, relatively similar variations were observed
in CMSy,,, co-ordinates for all the structures updated in re-CT and
CBCTe rov When compared with initial-pCT as summarized in Table 2.
In addition, CMS, ,, comparison between re-CT vs. CBCTe rov and re-
CT vs. deformed initial-pCT image sets were also found to have a more
or less similar tendency (refer Table 2). The overall shift in CMS, , , co-
ordinates ranged from 0 to 0.9 mm and 0 to 4.6 mm for studies I and II
respectively.

The mean DSCyq;, measured from the CBCTeiroy, initial-pCT de-
formed to re-CT and initial-pCT deformed to CBCT, roy in comparison
with re-CT (new reference) were found to be 0.97 *= 0.01,
0.96 + 0.01 and 0.93 =+ 0.05 respectively in study I and 0.89 + 0.05,
0.94 + 0.03 and 0.94 = 0.05 respectively in study II as presented in
the same table.
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3.4. Dosimetric comparison

The dosimetric impact of patient deformation (in Study I) and ir-
reproducible treatment setup (in Study II) were analyzed. The initial-
pCT based original plan when imported on the re-CT showed major
variations from the planned doses for the target (in study I) and OAR
structures (in study II) as illustrated in Fig. 8a and b. More specifically
in study II, the spine and brainstem doses were found to have gross
deviations which were outside the tolerance limits.

The dosimetric variations in original dose distribution observed
using re-CT were also accurately predicted using CBCT.roy (refer
Fig. 9a and b). Moreover, the dose distributions and dose volume his-
tograms (DVHs, as shown in Fig. 9) of adaptive re-plans generated using
CBCT.rrov and deformed initial-pCT image sets were also found to be
matching well (= * 2%) with re-CT, which are clinically acceptable.

4. Discussion

Early reports of dosimetric feasibility of using CBCT for dose de-
livery verification and dose calculation [6,10,12,13,20-22,28] have
increased the interest in utilizing this imaging modality for IGART.
Some authors have also reported improved accuracy in dose calculation
with CBCT using appropriate scatter rejection and HU modification
strategies [22,29-31]. However, they have not addressed the practical

(@)

Fig. 8. Accurate prediction of deviation in the original dose distributions after importing the initial-pCT based treatment plan onto the re-CT and CBCT. rov and the
corresponding dose volume histograms of target and OARs structures. (a) Study I (Abdomen and pelvis) and (b) study II (head and neck).
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Fig. 8. (continued)

limitation in the longi-FOV of CBCT which is a clinical requisite to
perform IGART of head and neck, and pelvic sites with large PTV and
regional nodes. In this study, HU-modified CBCT [19] with extended
longitudinal projection has been demonstrated as a promising tool for
treatment plan evaluation and IGART. This study is expected to com-
plement published research and also to encourage further research into
this topic.

The systematic validation methods viz., slice geometry, spatial re-
solution and line profile analysis described in our study could detect
even small inconsistencies present in the fused CBCT¢ oy data (refer
Table 1 and Fig. 6). These errors (Fig. 6a and b) are otherwise visually
indistinguishable from the CBCT,¢ in the rigid registration. In general,
reconstruction with a large cone angle, penumbral HU averaging with
minor misregistration, motion artifacts, couch position and setup un-
certainties are all potential causes of image inaccuracy in the overlap
[19]. Therefore, a scan length of less than 16 cm each and rigid regis-
tration between the identical slice in the overlap region are re-
commended to minimize them, especially for PTV with a
length < 25cm. With this approach, the resultant CBCT.roy data
would provide optimum fusion and an adequate margin on either side
of the PTV border to compute accurate dose calculations. It is worth
mentioning that the marginal differences in slice geometry and HU

values do not have an effect on dose calculation. However, images with
appropriate spatial information are vital for accurate and consistent
interpretation of clinical structures for precise localization and for
IGART.

We have utilized a half-fan CBCT mode with a half bowtie filter as
the standard acquisition geometry irrespective of the anatomical site,
since it offers a maximum recon-FOV of 45 cm with reduced artifacts,
compared with the full-fan mode. Therefore, evaluation of the full-fan
acquisition mode (recon-FOV ~ 25 cm) with a full bowtie filter to ex-
tend the longitudinal projection is beyond the scope of the present
study and has hence been excluded. However, we recommend low-dose
CBCT with the full-fan mode or planar projection radiographs for image
guidance on other days when the CBCTroy-based online re-simulation
is not required. This will reduce the imaging dose if more than one
IGART procedure is to be performed within the planned course of
treatment.

Owing to the lack of specific guidelines for comprehensive IGART
protocols with CBCT, the CBCTrov approach presented in this study is
expected to play a major role in the improvement of IGART practice. In
addition, it does not affect the typical clinical time since it can be ac-
quired online as part of pre-treatment image guidance. Nevertheless, it
is obvious that one should perform careful validation, calibration and
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Fig. 9. Plan comparison DVHs computed through adaptive re-optimization procedure showing excellent agreement among adaptive image sets. (a) Study I and (b)

Study IL

correction of CBCT HU values, to generate the treatment plans
equivalent to conventional CT-based plans.

In this study, minor differences in the delineated structures were
observed between re-CT and CBCT,;roy image data. This is due to the
relatively inferior contrast visibility and spatial information of CBCT in
comparison with contrast-enhanced conventional re-CT. Thus, the GTV
volumes mapped from initial-pCT to adaptive data sets were not re-
duced in size, in order to be on the safer side for loco-regional control as
followed by Hansen et al. [11]. The right kidney structure in study I and
the mandible structure in study II updated on the initial-pCT deformed
to CBCT¢ oy recorded major variations. Possible causes could be the
excessive reduction in body mass (Study I) and the irreproducible setup
(Study 1II) respectively. Thus, further investigation concerning correla-
tion between the accuracy of deformation with image intensity (dif-
ferent imaging parameters), change in body mass (loss or gain), and
difference in rigid registrations would provide more information.

The mean DSC,, and CMS,,, co-ordinates observed from
CBCT, rov images (table 2) were found to have good association with
the structures updated on re-CT images. This result showed the efficacy
of CBCTrov as a promising tool for adaptive plan evaluation. These
segmentation metrics have a specific relationship with the dosimetric
outcome. Therefore, adapting (or recording) them in addition to the
beam centre shift assessment during online registration protocol, pro-
vides useful insights about anatomical association (or dissociation). If
such metrics are added in the treatment console registration algorithms,
then one can use them as an action level indicator for offline/online
IGART in the future.

In most cases, the entire bony anatomy in initial-pCT did not match
exactly with the CBCTroy. This is due to patient deformation and the
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irreproducible treatment setup within the planned course of treatment.
Therefore, the practical usefulness of extended deformation (i.e. initial-
pCT deformed to CBCTerrov) using CBCTerov for IGART was also
presented in this study. Moreover, the image intensities (or HU values)
of the initial-pCT and CBCTrov images are relatively consistent, to
permit tracking of spatial displacements of similar voxels and to deform
(or transform) them accurately in the image space. The MDDR algo-
rithm in Eclipse TPS was found to satisfactorily transform the initial-
pCT image matrix for most of the target structures. However, it yielded
less than desirable deformation results for a few structures in both the
studies (refer Fig. 7), due to the large variations in body mass and
treatment setup. One important finding is that there was no influence
on the dose distribution when the original plan was re-optimized with
updated structures set (refer Fig. 9). Hence, deformed image data (in-
itial-pCT deformed to CBCTcroy) sharing the same frame-of-reference
of CBCT, rov are also expected to be a potential tool for dosimetric plan
evaluation and IGART. Moreover, the HU values of deformed pCT
images can also be directly used for adaptive dose calculation. On the
other hand, it is vital to perform careful validation of the accuracy of
the deformation prior to its clinical use. As the errors in deformed CT
image sets are the cause of the dose deviations and inaccurate dose
calculations [32], it would be more appropriate to utilize the soft-tissue
data of CBCT.rrov to accurately predict the dosimetric consequences.
CBCTerov image guidance provides a complete picture of the actual
dose delivered to the patient. Moreover, it facilitates the physician to
make realistic clinical decisions during the planned course of treatment.
This method can also be easily implemented in any clinic equipped with
integrated kV CBCT facility on the linear accelerator with minor
changes in the DICOM script.
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5. Conclusion

This study successfully demonstrated the practicability of using the
CBCT.rov image sets for adaptive plan verification and IGART. The
CBCT.rov images were comprehensively validated using systematic
evaluation metrics and found to be suitable for clinical use. CBCT¢;rov
image guidance is clinically apt for localizing large target volumes in
high precision radiotherapy. It is also effective in the management of
inter-fraction geometric uncertainties and serves as a guide to deform
the initial-pCT with extended longitudinal projection. In addition, it
helps in setting up a new reference (baseline) image without affecting
the overall machine throughput and clinical workload which are the
main concerns of performing routine IGART. The comparable dosi-
metric outcome observed between re-CT and CBCT¢ oy validate the
use of the latter as a suitable as well as a viable alternative to perform
IGART with regular frequency.
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