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PhD*,†, Albert C. Koong, MD, PhD*,†, Maximilian Diehn, MD, PhD*,†,‡, and Billy W. Loo Jr,
MD, PhD*,†

*Department of Radiation Oncology, Stanford University School of Medicine, Stanford, California
†Stanford Cancer Institute, Stanford University School of Medicine, Stanford, California
‡Institute for Stem Cell Biology and Regenerative Medicine, Stanford University School of
Medicine, Stanford, California

Abstract
Purpose—To develop and clinically evaluate a volumetric imaging technique for assessing
intrafraction geometric and dosimetric accuracy of stereotactic ablative radiation therapy (SABR).

Methods and Materials—Twenty patients received SABR for lung tumors using volumetric
modulated arc therapy (VMAT). At the beginning of each fraction, pretreatment cone beam
computed tomography (CBCT) was used to align the soft-tissue tumor position with that in the
planning CT. Concurrent with dose delivery, we acquired fluoroscopic radiograph projections
during VMAT using the Varian on-board imaging system. Those kilovolt projections acquired
during megavolt beam-on were automatically extracted, and intrafraction CBCT images were
reconstructed using the filtered backprojection technique. We determined the time-averaged target
shift during VMAT by calculating the center of mass of the tumor target in the intrafraction CBCT
relative to the planning CT. To estimate the dosimetric impact of the target shift during treatment,
we recalculated the dose to the GTV after shifting the entire patient anatomy according to the
time-averaged target shift determined earlier.

Results—The mean target shift from intrafraction CBCT to planning CT was 1.6, 1.0, and 1.5
mm; the 95th percentile shift was 5.2, 3.1, 3.6 mm; and the maximum shift was 5.7, 3.6, and 4.9
mm along the anterior-posterior, left-right, and superior-inferior directions. Thus, the time-
averaged intrafraction gross tumor volume (GTV) position was always within the planning target
volume. We observed some degree of target blurring in the intrafraction CBCT, indicating
imperfect breath-hold reproducibility or residual motion of the GTV during treatment. By our
estimated dose recalculation, the GTV was consistently covered by the prescription dose (PD),
that is, V100% above 0.97 for all patients, and minimum dose to GTV >100% PD for 18 patients
and >95% PD for all patients.
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Conclusions—Intrafraction CBCT during VMAT can provide geometric and dosimetric
verification of SABR valuable for quality assurance and potentially for treatment adaptation.

Introduction
One of the major challenges in radiation therapy is respiratory tumor motion, primarily in
the thorax and abdomen. Respiratory gating is a popular technique to manage tumor motion
that limits the radiation to certain parts of the breathing cycle, thereby reducing dose to
critical organs (1, 2). The problem with the current standard clinical practice is that the
therapeutic beam on/off is controlled solely by some external surrogate (eg, skin surface).
This is error-prone because the relationship between the internal target motion and external
surrogate can change over time on an inter- and intrafractional basis (3, 4). It is of utmost
importance to ensure, by direct measurement if possible, that the moving tumor stays inside
the planning target volume (PTV) during the entire delivery process. This is particularly
important for stereotactic ablative radiation therapy (SABR), which is characterized by steep
dose gradients and large fractional dose (5, 6).

The advent of on-board imaging has provided an enabling tool for treatment verification.
Conventionally, this has been predominantly used for pretreatment patient setup purposes
(7–10) and occasionally for mid- or post-treatment verification purposes (11–14). Several
studies have been performed to investigate its use for intrafraction verification during
treatment delivery, relying on fiducial markers for position verification (15–18). Owing to
the invasiveness of marker implantation, its indirect nature, and limited information, a safe
procedure that directly provides volumetric information about the tumor target is highly
desirable. Recently, a few studies have shown the feasibility of acquiring kilovolt cone-
beam computed tomography (CBCT) concurrent with megavolt irradiation during
volumetric modulated arc therapy (VMAT) (19–21) or by using intermittently triggered
kilovolt projections during respiratory-gated VMAT (22). These single-patient studies
(phantom study in the case of Ling et al) (20) provide an effective means of verifying tumor
positions directly based on soft tissue target, during dose delivery.

In this work, we present our clinical implementation and evaluation of intrafraction CBCT
imaging for position and dosimetric verification during VMAT SABR. The key difference
from previous studies (11–14) is that the imaging and dose delivery occur at the same time
in our study; thus, what is imaged is what is actually being treated. In contrast, all previous
studies acquired CBCT either during a pause in delivery or post-treatment rather than while
the treatment beam was on, which because of intrafractional motion could result in a
discrepancy between the imaged target position and that during actual delivery. In practice,
we used the beam-level imaging capability afforded by the Varian TrueBeam linear
accelerator (Varian Medical Systems, Palo Alto, CA). The intrafraction CBCT image is used
for assessing the geometric accuracy of the SABR treatments directly based on the soft-
tissue tumor target. Furthermore, we conduct preliminary dosimetric studies using the
geometric information gained from intrafraction volumetric imaging.

Methods and Materials
Patient characteristics

Twenty patients with lung tumors treated with the VMAT technique were identified for
inclusion in an institutional review board–approved retrospective study. All patients
received SABR treatments in 1, 3, or 4 fractions. Among the 20 patients, 1 patient (patient
18) was treated without gating under free breathing, 4 patients (patients 9, 10, 11, 14) were
treated with respiratory gating under free breathing, and the remaining 15 patients were
treated under a voluntary biofeedback guided breath-hold protocol. The breath-hold
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biofeedback technique was developed by modifying a custom system originally developed
for biofeedback guided breathing regularization for improved 4-dimensional (4-D) CT
acquisition (23). The mean (±SD) age of all patients was 66 ± 14 years (range: 36–91 years).
The size of the gross target volume (GTV) ranges from an equivalent sphere diameter of 0.5
to 4.2 cm. The patient and treatment characteristics are summarized in Table 1.

Patient simulation, treatment planning, setup, and delivery
For patient simulation, either a breath-hold CT scan or 4D CT with 10 respiratory phases
was acquired with an 8-slice GE LightSpeed CT scanner (GE Medical Systems, Milwaukee,
WI), with an axial slice thickness of 1.25 mm. For patients treated with the breath-hold
protocol, the GTV was contoured corresponding to the exhale or inhale phase at breath hold.
Consistent with the convention used in Radiation Therapy Oncology Group trials of SABR
for lung cancer, the clinical target volume (CTV) was the same as the GTV with no explicit
definition of an additional lower dose CTV for microscopic tumor extension; for simplicity,
we use GTV in place of CTV hereafter. For patients treated with respiratory gating or
motion-inclusive treatment, the ITV was contoured in the maximum intensity projection of
the 4-D CT phases within the gating window or the entire respiratory cycle, respectively.
For patients treated under breath hold, a margin of 2 mm was added to the GTV to form the
ITV (accounting for breath hold variability). In all cases, a margin of 5 mm was added to the
ITV to form the PTV. The GTV to PTV expansion was thus ≥7 mm for all patients. A single
full- or partial-arc VMAT plan was then optimized using 6 or 10 MV photons without
flattening filter, depending on the patient and target geometry. The treatment plan was
normalized such that 95% of the PTV receives 100% of the prescription dose. For patient
setup, orthogonal kilovolt projections were taken to first align patient anatomy according to
bony structures. Volumetric CBCT was then taken during breath hold (in the case of breath-
hold treatment) or free breathing, with which the patient was aligned according to the soft
tissue tumor target. The appropriate gating window was also determined at this stage to
ensure that the tumor target was within the PTV. Finally, the VMAT treatment was
delivered using a Varian TrueBeamTM STx Linac, gated by the RPM system. The total
number of megaunits varied from 2400 to 6000 MU for all patients. The maximum dose rate
was either 1400 MU/min (for 6 MV) or 2400 MU/min (for 10 MV), and the actual dose rate
varied from time to time during delivery. The actual delivery time for all patients varied
from ~1 to ~4 min.

Image acquisition and CBCT reconstruction
We acquired kilovolt fluoroscopic radiograph projections during the VMAT treatment using
the Varian OBI system and iTools software. In clinical mode, the during-treatment kilovolt
fluoroscopy acquisition was enabled by scheduling a “during treatment kilovolt” imaging
session at the beginning of each fraction. The kilovolt image acquisition protocol was 80
kVp, 44 or 31 mA, and 15 milliseconds. The projections acquired during megavolt beam-on
were automatically extracted for image reconstruction and further analysis. Those
corresponding to megavolt beam-off were discarded. The angular range of the available
cone-beam projections depends on the particular VMAT plan for each patient, and varies
between 191° and 359°. We preprocessed the raw projections so that a projection set with a
uniform sampling angle was used for image reconstruction. This was done by averaging all
projections within every 0.6° of gantry rotation. This sampling is similar to conventional
CBCT acquisition. After the treatment was finished, we retrospectively reconstructed
volumetric CBCT images using in-house developed software based on the standard filtered
backprojection method (24, 25).
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Geometric and dosimetric verification of target coverage
To evaluate the target coverage during the VMAT treatment, we calculated the mean target
shift in during-treatment CBCT relative to planning CT as well as pretreatment CBCT. This
was done by calculating the center of mass of the tumor target in the superior-inferior (SI),
left-right (LR), anterior-posterior (AP) directions for each of the 3 image sets. To further
assess the dosimetric impact of the target shift during treatment, we estimated the delivered
target dose by shifting the entire patient anatomy according to the mean target shift
determined earlier. For fractionated treatments, the delivered dose was summed from all
fractions with intrafraction image acquisition and then scaled up to the prescription dose.
We then calculated the target coverage for GTV (V100%) and the minimum dose to GTV
(dose to 0.03 cc) using the estimated delivered dose distribution.

Results
Figure 1 shows the axial, coronal, and sagittal views of the reconstructed CBCT image
acquired during dose delivery for patient 1. Both GTV and PTV contours are superimposed
on the image. It is clear that the tumor target lies within the PTV during the treatment.
However, we observe some degree of tumor blurring in CBCT images (on the order of 2–3
mm upon visual inspection), especially in the axial and sagittal views, indicating imperfect
breath-hold reproducibility or residual motion of the target during treatment. Figure 2 shows
the coronal and sagittal views of the reconstructed CBCT image for 3 treatment fractions for
patient 8. There is some degree of interfraction target shift, which appears to be random.

Figure 3 shows the geometric target shift during treatment from planning CT for all patients.
The mean (±SD) absolute target shift from during-treatment CBCT to planning CT was 1.6
± 1.6, 1.0 ± 0.9, and 1.5 ± 1.4 mm, and the 95th percentile shift was 5.2, 3.1, 3.6 mm along
the AP, LR, and SI directions. Of all 20 patients, the maximum target shift was 5.7, 3.6, and
4.9 mm along the AP, LR, and SI directions. Of note, the recorded shift for each fraction
represents the average shift of the center of mass of the GTV during that fraction because
the CBCT image acquisition time spans the megavolt beam-on time. This indicates that the
tumor target was located inside the PTV during the VMAT treatment for this cohort of
patients. The target shift between on-treatment and pretreatment CBCT is similar (<1 mm)
for all patients, indicating that the target setup based on pretreatment CBCT is accurate. The
difference in target shift between different patients was relatively large: for a majority of
patients (14 of 20), the target shift was within 2 mm in all 3 directions; in 4 patients the shift,
was larger than 4 mm in ≥1 of the directions.

Figure 4 shows the target coverage for GTV and minimum dose to GTV calculated using the
estimated delivered dose distributions for all 20 patients. There is essentially no degradation
of the V100% for GTV (proportion of GTV covered by the prescription dose) from the
planned dose, which is all >0.97. The minimum dose to GTV was >95% of the prescription
dose for all patients and >100% for 90% of patients.

Discussion
In this article, we have conducted a clinical study evaluating the geometric and dosimetric
accuracies of lung SABR treatments. This is achieved by acquiring CBCT concurrent with
dose delivery and reconstructing volumetric patient anatomy during VMAT treatments. A
group of 20 patients with lung tumors receiving SABR with a range of motion management
techniques (including free breathing, respiratory gating, and breath hold) were analyzed. The
GTV was sufficiently covered by the prescription dose for this cohort of patients. Although
not assessed in our study, the same methods could be used in future analyses to estimate the
delivered coverage to the zone of potential microscopic tumor extension beyond the GTV
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and understand what dose is required to sterilize microscopic disease. In this retrospective
study, a post-treatment CBCT scan was generally not acquired. In future studies, it would be
interesting to compare the post-treatment verification and on-treatment verification.

The large differences in target shift between patients call for individualized margins for
SABR. One way to realize this for patients treated with the breath-hold technique could be
to acquire repeat breath-hold CT at simulation to determine breath-hold reproducibility, so
that a breath-hold ITV can be measured on an individual basis. For patients treated in free
breathing or with respiratory gating, this information is partially available in the 4-D CT and
could potentially be augmented by repeat 4-D CT at simulation. This potentially could lead
to margin reduction for most patients.

The tools developed in this study can be used for retrospective verification or quality
assurance purposes in single-fraction SABR treatments. For fractionated treatments, they
may be used for adapting treatment plans based on target positioning during treatment and
recalculated and accumulated dose. To be useful for treatment intervention or guidance,
volumetric images need to be reconstructed on the fly or in real time during treatment.
Preliminary studies have shown the feasibility of this approach using on-board imaging
device (26, 27). However, comprehensive validations have to be performed before its
clinical application.

One caveat of acquiring CBCT during radiation dose delivery is that the projections are
contaminated with scatter from the megavolt beam. This may negatively affect the quality of
the final reconstructed image. For high-contrast anatomy such as lung, we do not expect the
megavolt scatter to be a major issue for geometric and dosimetric evaluations as performed
in this study. Methods to deal effectively with the megavolt scatter have been proposed (20,
21), although they more or less require some modification of the existing system hardware
and software.

In estimating the delivered dose, we have used the original planning CT and applied an
appropriate shift to the entire patient anatomy. Although it is possible to directly use the
reconstructed image (provided that it has a sufficient field of view to cover the entire
anatomy), CBCT artifacts, noise, and scatter due to both kilovolt and megavolt beams,
represent challenging issues for accurate dose calculations. Another confounding factor is
residual target motion (see Fig. 1), even when a breath-hold protocol is used. The extent to
which this affects the accuracy of subsequent dose calculation should be investigated.
Admittedly, the accuracy of the delivered dose in the patient ultimately depends on all
factors involved in the radiation therapy process, such as imaging acquisition, target
delineation, treatment planning (including dose calculation), treatment delivery, as well as
the on-board imaging system. This study aims to address one of the largest uncertainties in
lung tumor SABR, intrafractional target motion.

Regarding the imaging dose during VMAT, data from the report of AAPM Task Group 75
(28) suggest that the kilovolt fluoroscopy imaging dose is about 3.5 cGy/min under imaging
protocols similar to ours. Because the kilovolt fluoroscopy is continuously on during the
entire treatment, the imaging dose is proportional to the actual delivery time (from the
moment megavolt is turned on to the end of dose delivery). This translates to a dose of about
0.1 Gy for a 3-min SABR treatment. This number is small compared with the prescription
dose, which is typically 10 to 25 Gy per fraction. In addition, using lower mAs and/or lower
pulse rate or gating in kilovolt fluoroscopy will further reduce the imaging dose.
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Conclusions
We have conducted a clinical study of acquiring CBCT concurrent with VMAT dose
delivery and reconstructing volumetric patient anatomy during lung SABR treatments. The
on-treatment patient anatomic information gained from beam-level imaging can provide
geometric and dosimetric verification of SABR valuable for quality assurance, and
potentially treatment adaptation in the future.
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Summary

We developed and clinically evaluated an intrafraction cone beam computed tomography
technique for geometric and dosimetric verification of lung tumor stereotactic ablative
radiation therapy. In 20 patients treated with a range of motion management techniques,
the gross tumor volume was found to be within the planning target volume and well
covered by the prescription dose in all cases. Intrafraction cone beam computed
tomography should be valuable for individual patient quality assurance and potentially
for treatment adaptation.
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Fig. 1.
Axial, coronal, and sagittal views of the reconstructed cone beam computed tomography
image (zoomed in on the gross tumor volume with a diameter of ~6 mm) for patient 1. Both
gross tumor volume and planning target volume contours are superimposed on the image.
Target smearing is visible in axial and sagittal views. This verifies that the intrafraction
tumor position is within the planning target volume.
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Fig. 2.
Coronal (a–c) and sagittal (d–f) views of the reconstructed cone beam computed
tomography image for 3 treatment fractions for patient 8. Both gross tumor volume and
planning target volume contours are superimposed on the image. This verifies that the
intrafraction tumor position is within the planning target volume during each fraction.
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Fig. 3.
Geometric mean target shift during treatment relative to planning computed tomography for
all patients (left panel), as well as the boxplot for the patient cohort (right panel). On each
box, the central mark is the median, the edges of the box are the 25th and 75th percentiles,
the whiskers extend to the most extreme data points not considered outliers (~2.7 SD or
99.3% coverage for normally distributed data), and outliers are plotted individually.
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Fig. 4.
Gross tumor volume coverage (GTV) (a) and minimum dose to GTV (b), calculated from
the estimated delivered dose distributions for all patients. The minimum dose is dose to 0.03
cm3 rather than to a single voxel. The delivered dose distribution is estimated by applying
the mean target shift during treatment to the entire patient anatomy in planning computed
tomography. In all cases, the GTV is well covered by the prescription dose. AP = anterior-
posterior; LR = left-right; SI = superior-inferior.
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