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Abstract
Adaptive radiation therapy for liver cancer has the potential to reduce normal tissue complications
and enable dose escalation, allowing the potential for tumor control in this challenging site. Using
adaptive techniques to tailor treatment margins to reflect patient specific breathing motions and
image-guidance techniques can reduce the high dose delivered to surrounding normal tissues while
ensuring the prescription dose is delivered to the tumor. Several treatment planning and delivery
techniques have been developed for use in the liver, including a margin to encompass the full
breathing motion, mean position techniques, which evaluate the probability of tumor location
during breathing, breath hold, gating, and tracking. Patient selection, clinical workflow, and
quality assurance must be considered and developed prior to integrating these techniques into
clinical practice.

1. Rationale & potentials
Primary liver cancer and liver metastases are leading causes of worldwide cancer morbidity
and mortality1,2. Surgery results in five-year survival rates of 30–60% in selected patients
with hepatocellular carcinoma, intrahepatic cholangiocarcinoma and colorectal liver
metastases. However, less than 20% of patients are surgical candidates3,4. Ablative therapies
can control tumors less than 4 cm in diameter5,6, but larger tumors, those adjacent to large
vessels and cancers with vascular involvement are generally not eligible for standard local
therapies. Advances in chemotherapy and targeted biologic therapies have led to improved
outcomes, providing rationale for the increased use of local therapies, such as radiation
therapy, to treat sites of isolated or ‘oligo’ metastases, e.g. in the liver. As long-term survival
is only possible with the addition of local therapies to systemic therapies, there is strong
rationale for improved and increased use of local therapies in primary and metastatic liver
cancer.

Radiation therapy has historically had a limited role in the treatment of liver cancer, due
partially to the low whole liver tolerance to radiation dose (5% risk of toxicity following 28
in 2 Gy fractions for primary liver cancer). It has now been established that very high doses
of radiation can be delivered to portions of the liver safely, as long as enough dose is spared
from the remaining liver7. Other challenges in delivering radiation therapy to focal liver
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cancers are that the cancers are often multi-focal, locally advanced and/or adjacent to
extrahepatic normal tissues.

With technical advantages in liver cancer imaging and radiation therapy planning and
delivery, tumorcidal doses have been delivered to liver tumors using standard fractionation,
hyperfractionation and stereotactic body radiation therapy (SBRT), with sustained local
control seen in 70–90% of tumors. For tumors requiring a large volume of liver to be
irradiated or those close to extrahepatic normal tissues, lower doses need to be delivered
with a reduced chance of local control. The dose-response for tumor control has been
observed in many series8. By reducing the volume of normal tissues irradiated,
individualized motion management, image guidance and adaptive radiotherapy can facilitate
dose escalation to liver cancers.

2. Patient variations: Intra-treatment motion, inter-treatment variation and
dose response induced variation

Substantial variations in breathing motion are seen between patients, with a wide range of
amplitudes of liver breathing motion (5 to 35 mm), with most of the change in the superior-
inferior (SI) direction, followed by the anterior-posterior (AP) direction.9 A ‘one size fits all’
approach to PTV construction will either treat excessive normal tissue or under dose the
clinical target volume (CTV) in some patients. In addition to variations in breathing
amplitude, the position of the liver (mean position or any phase of breathing, e.g. exhale)
relative to bones, can vary, and this can be of similar magnitude to the breathing amplitude.
This change has been referred to as a baseline shift in liver. Baseline shifts can occur from
the time of planning to the time of treatment, between fractions and possibly within
fractions. These shifts are largest between fractions rather than within the time of a fraction.
In one series of 29 patients treated with treatment times per fraction of 25 minutes or less
(mean 12 minutes), intra-fraction shifts were only seen in one patient with substantial pain.
10 For longer treatment times, intra-fraction shifts may be more substantial. Baseline shifts
in liver position are one of the most important sources of geometric uncertainty that should
be included in PTV margins and/or planning if they are not accounted for with image
guidance.

Image Guidance
Image guidance has many roles in the treatment of liver cancer. It allows the evaluation and
correction for baseline shifts, which may cause a systematic error in treatment delivery. The
inter-fraction variation in patient-specific breathing motion amplitude can also be verified at
each fraction using image guidance. Although when analyzed over a population, the average
variation is small, there is a potential for substantial reductions or increases in breathing
amplitude, especially in patients with pain and those treated with a long fractionation
schedule.10 In addition, the potential exists for changes in anatomy to occur over the course
of treatment. Thus image guidance can monitor breathing amplitude, can quantify and
correct for baseline shifts in liver position, as well as provide information about changing
organ shape, which may trigger replanning if beyond a certain threshold. Image guidance
techniques, including orthogonal kV or MV imaging, kV or MV cone-beam CT, MVCT,
and ultrasound have been previously described11–25.

Surrogates
Liver tumors are generally only visible on imaging obtained with intravenous (IV) contrast,
which is not routinely used at the treatment unit. Thus, a surrogate for the tumor must be
used for image guidance. Surrogates that have been used clinically include the diaphragm-
liver interface, the liver volume, natural, iatrogenic and implanted fiducials. Figure 1 shows
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the improvement in image guidance, based on the alignment of Lipidiol, which is visible on
CT and CBCT, as the registration progresses from laser alignment to the external skin
marks, to bony alignment, to liver alignment. Understanding the relationship between each
surrogate and the tumor and normal tissue is important to successfully deliver the intended
dose while adequately sparing the normal tissues. Surrogates, however, may not move in the
same manner as the liver tumors. The liver is a complex and deformable tissue, which can
be affected by the mechanics of breathing, which may differ from day to day, and also
stomach filling and positioning of the bowel. These effects may result in local liver
deformation. In a study of 12 patients treated with volumetric image guidance under a 6
fraction SBRT protocol, the average difference in tumor positioning between rigid and
deformable registration was small, with an absolute mean of less than 1 mm in each
direction.14 In 15% of the fractions evaluated, the difference in the tumor position exceeded
3 mm when using deformable registration. This highlights the importance of evaluating the
fit of the surrogates and neighboring normal tissues for image guidance.

3. Planning and Delivery Strategies
Several strategies aim to account for breathing motion in the planning and delivery of the
conformal radiation dose. There are several techniques available to perform 4D radiotherapy
for the liver, including methods that incorporate the breathing motion into the treatment
plan, inhibit breathing motion while delivering the radiation, inhibit the delivery of radiation
except when the patient is in a specific breathing phase, and tracking the breathing motion
with the delivery of the radiation.

Patient Specific Margins - Internal Target Volume (ITV) Approach
The simplest type of ‘adaption’ is to develop patient specific treatment plans based on
individualized breathing motion.26 For example, with no specific breathing motion
management strategy, the patient’s specific breathing motion is included within the PTV.
Implementation of this technique requires the selection of a reference breathing phase and
the measurement of the patient specific breathing motion. Historically, a recommended
reference phase has been the exhale position, as this position has been shown to be more
stable between breathing cycles as well as between treatment sessions. The gross tumor
volume (GTV), clinical target volume (CTV), and planning target volume (PTV) based on
an exhale reference position are shown in Figure 2.

Once the reference phase has been selected, the normal breathing motion, relative to this
phase must be measured. Ideally, this measurement is done in 3D as out of plane motion is
possible with 2D, or planar imaging, for motion assessment. Several imaging techniques
may be used to measure motion including CT, fluoroscopy, and MR. With CT, either 4D CT
or inhale and exhale breath hold CT scans may be used.27,28 4D CT scans gives the benefit
of measuring normal relaxed breathing and additional geometric information beyond the
inhale and exhale states. However, often, a patients’ breathing is not regular and artifacts
may exist. These artifacts may be small and not limit the use of the scans or they may be
large and require rescanning the patient prior to treatment planning. Or, if artifacts are due to
very irregular breathing, one 4DCT is not sufficient to represent all the variability in
breathing that may occur for that patient. Obtaining imaging in inhale and exhale breath hold
reduces the possibility of artifacts, as long as the patient can comfortably hold their breath
for the duration of the scan. With this approach, care must be used to ensure that the patient
is not taking a deep instead of normal breathing, which may result in an overestimation of
the breathing amplitude. In addition, typically, the tumor cannot be seen on CT without the
use of IV contrast. The optimization of contrast with 4D CT is under investigation. Tumor or
a shadow where the tumor is may be visualized on a 4D CT if it is acquired immediately
following IV injection, or in the very delayed phase.29 Another approach is to obtain an
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exhale breath hold image with IV contrast with a 4D CT immediately following it, while
enough contrast remains for the tumor to be identified for motion measurement purposes.

Orthogonal imaging can also be used, such as fluoroscopy or cine MR. Fluoroscopy is
limited to measuring the motion of the diaphragm or a fiducial, and this motion may differ
from the motion of the tumor, depending on the location of the tumor within the liver.28

Cine MR imaging can be useful as the tumor can be seen on MR without contrast enabling
direct measurement of the tumor motion, with increased temporal resolution. The limitation
of cine MR is that if the tumor motion is in the out of plane direction, it may limit the
accuracy of the measurement within that plane. In addition, for the same patient, the
measurement on MR and fluoroscopy may not be the same. In a study of 35 patients imaged
on both fluoroscopy and cine MR, 8 patients had a difference in SI motion of more than 10
mm (diaphragm motion measured on fluoroscopy and tumor boundary measured on cine
MR); in 5 patients, fluoroscopy measurements were less than cine MR, and in 3 patients,
fluoroscopy measurements were greater than cine MR.28

Once the individual patient motion measurements are obtained, one must apply them for a
PTV margin. Traditionally, the PTV margin is established to capture the entire range of the
breathing motion for the patient, that is, if the patient reference position is at exhale and the
breathing motion is 10 mm SI, the PTV margin is 10 mm in the inferior direction (plus a
component for setup uncertainty and reproducibility of exhale in all directions, e.g. an
additional 5 mm with IGRT or more if IGRT is not to account for baseline shifts).

In this scenario, image guidance must be used to align the patient, at the reference state at
the time of treatment to the reference state at the time of planning. In addition, imaging must
be used to measure the breathing motion. Depending on the in-room imaging available,
different strategies can be used. For 2D imaging, an AP and lateral image should be obtained
for alignment and is often obtained at exhale breath hold if that is the reference position.
Alternatively, a fluoroscopy sequence can be obtained in the AP and lateral direction and the
exhale position selected from the sequence for alignment. Non-orthogonal image pairs may
also be used to position inserted fiducial markers. Once the reference position is matched,
the breathing motion can be measured using fluoroscopy and compared to the treatment
plan. The process becomes clearer if 4D volumetric imaging is available at treatment and
planning. If the exhale position is the reference, the exhale reconstruction of the 4D image
can be obtained and aligned to the reference image. The breathing motion can then be
verified using the remainder of the 4D images. In addition, the breathing motion can be
verified using the remaining images. Figure 3 shows a comparison of different imaging
techniques for motion assessment.

Adaptive Inverse Planning - Mean Position Approach
Recently, with the advent of 4D CT, which includes intermediate positions, it has been
suggested that the mean position be the reference position.30–32 The mean position enables a
statistical-based margin for breathing to be generated, apposed to an inclusive margin which
has been historically used. This assumes that breathing motion is a random uncertainty,
similar to setup uncertainties.

There are two methods for calculating the PTV margin for mean target position, the
technique presented by Wolthaus, et. al., which focuses on population planning techniques
and individualized patient breathing for use in a margin recipe, and a second by Hugo, et.
al., which uses patient specific breathing motion and planning information. The use of the
mean target position as the reference for planning is treatment has been shown to be a more
robust and reliable reference position compared to other positions (i.e. inhale, exhale, or
mid-excursion) for the lung.31 Research is needed to confirm these findings in the liver,
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where the tumor is not easily visible on non-contrast enhanced images (e.g. CBCT). These
approaches benefit from using the temporo-spatial information directly in the IMRT
optimization.33

Wolthaus et. al. have proposed using a margin recipe to generate breathing PTV margins for
breathing34. The mid ventilation position which accounts for hysteresis is constructed as a
reference and a margin is generated which aims to ensure that at least 95% of the prescribed
dose to the CTV is delivered for 90% of the population. Therefore, if the patient can be
setup to the mean breathing position, the margin due to breathing motion, which is a random
uncertainty, is smaller than the entire breathing extent (as is typical in the ITV based
approach) This reduces the volume of the PTV, however it also changes the goal of the PTV
from full prescription dose coverage, in the ITV model, to 95% prescription dose to the CTV
for 90% of the patient population. Tailoring a margin recipe, which includes the beam
penumbra, has not been evaluated for the liver, to date. Hugo, et. al. has proposed using the
mean target position and calculating the target margin using the patient specific probability
density function for motion and the individual dose distribution.35

If the mid ventilation position is the reference, the mid ventilation position at treatment
delivery must be obtained. This mid ventilation position at treatment can be more
challenging to obtain, especially with 2D imaging. One solution is to obtain fluoroscopy
during normal breathing and extract the normal inhale and exhale position to derive the mid
ventilation position. Similar to the standard ITV approach, the image guidance for the mean
approach is easier to implement with 4D imaging at the treatment unit. The mid-ventilation
position can be extracted and aligned to the reference mid-ventilation position and the
remaining images can be used to verify the treatment margins assigned at planning.

Breath Hold
An alternative approach when the patient has a breathing excursion that exceeds 5 mm, is to
image and treat the patient at a pre-defined breath hold position, either voluntarily or with
assistance.11,13 The use of this technique enables a large reduction in the PTV margin for
patients with large breathing excursions, and therefore a reduction in normal tissue
irradiation, either liver or neighboring critical structures. The adaptation of the treatment
planning and delivery process for breath hold must be done with caution. First, the
reproducibility of the breath hold must be established on a patient-specific basis. Not all
patients are suitable candidates for breath hold, for some the variation from breath hold to
breath hold within the same treatment session is as large as the breathing motion. Ideally, the
patient is examined under fluoroscopy for reproducibility of breath hold position. Once
reproducibility of the breath hold is confirmed, the patient should be imaged for treatment
planning in the breath hold position. There is more experience in using exhale breath hold,
although feasibility of inhale breath hold has also been demonstrated for liver cancer.

Image guidance for treatment delivery, to confirm the breath hold position, is warranted, as
the inter-fraction variation of breath hold position has been shown to vary from 3.4 to 4.4
mm.11,13 Image guidance can be performed using 2D coronal and sagittal images at breath
hold or using volumetric 3D images obtained at the breath hold position. Typically, patients
cannot hold their breath for the full duration of the 3D CBCT acquisition (60 seconds) and
therefore the acquisition must be obtained in increments, allowing the patient to breath
between segments of image acquisition. In this approach, the soft tissue liver can then be
aligned to the reference image.
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Gating
An additional adaptation technique is to gate the treatment beam to a certain breathing
position, rather than enabling a breath hold for the patient. Similar requirements exist,
compared to the breath hold technique, however the burden of breath hold is now removed
from the patient and placed onto the treatment machine, to turn off and on the beam at the
required times. The reference position of the patient must be determined at planning in
addition to the variation from the reference position that is allowed during treatment (e.g. the
exhale position, +/− 3 mm from that position). The reference position must be verified at
each treatment delivery, in the same manner as describe for the free breathing technique.
Typically, a surrogate is used to identify when the patient is in the reference position,
therefore, in addition to verifying the reference position, the correlation between the
surrogate and the breathing position must be verified at each treatment. Recent research has
shown that combining external and internal (e.g. implanted fiducials) surrogates can
improve the accurate of respiratory gating. Briere and colleagues have recently shown,
through offline evaluation of electronic portal images acquired in cine mode, that for a
cohort of 5 patients, the inter-fractional contribution of the external monitoring device to the
random error was 2.0 mm in the SI direction.18 The contribution to the systematic error was
0.9 mm and to the intra-fractional random error, 1.0 mm. Shirato and colleagues have
reported on the use of a real-time tumor-tracking (RTRT) device which includes
fluoroscopic tracking of an implanted fiducial marker near the tumor.25 Kitamura reported
on the motion of 20 liver tumors using this device and found the average tumor motion was
4 mm (LR) 5 mm (AP), and 9 mm (SI), but ranged up to 12 mm (LR and AP) and 19 mm
(SI).36

Tracking
Both the breath hold and gating techniques described above reduce the efficiency of
treatment as the beam must be turned off periodically, to allow the patient to breath or to
wait until the breathing cycle is in the correct phase. For hypo-fractionated cases, where a
larger dose is delivered per treatment, this reduction in efficiency will extend an already
lengthy procedure. An alternative approach is to track the tumor as it moves due to
respiration. Monitoring the breathing is typically done in the same manner as for gating,
either using an external or internal surrogate and monitoring. Additional verification must be
performed when treating the patient using a tracking technique compared to the gating
technique. With gating, only the gated position and surrogacy must be verified, however,
with tracking, the correlation between the surrogate and the entire breathing pattern must be
verified. In addition, the relationship of the surrounding anatomy with the tumor must be
verified to ensure that the normal tissue dose is not substantially different than was planned.
Lieskovsky and colleagues have reported on a phase I dose escalation study of CyberKnife
stereotactic radiosurgery for liver malignancies. Early results indicated the safe
administration of single fraction 18-22 Gy dose to PTVs which ranged from 11–42 cc.37 An
example of tracking based on fiducials is shown in Figure 4.

4. Eligibility: Advantage, disadvantage and limitations
The eligibility of patients for treatment using the techniques described above varies due
many factors including comfort, compatibility with the device, and regularity of breathing.
The simple techniques, such as adapting the treatment plan to the patient-specific motion, is
possible for all patients. The limitation in this technique is the reproducibility of the patients
breathing. The longer the overall treatment duration, i.e. non-SBRT approaches, the more
likely the patient will exhibit a different breathing pattern or changes in anatomy during
therapy. On the contrary, the larger the number of fractions, the smaller the effect of one
treatment fraction being delivered under the conditions of a different breathing cycle. Free-
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breathing approaches have the advantage of less technological intervention, easier quality
assurance, and more efficiency (average treatment with ABC is 21 minutes, average
treatment time, excluding images was 13 minutes11). The disadvantage, of course, is the
increased irradiation to normal tissues. Depending on the size of the tumor and its location,
the increase in irradiation may prohibit the delivery of the prescription dose deemed
necessary for sustained tumor control.

Patient compliance and understanding is necessary for treatment protocols using breath hold.
It is critical for the patient to understand the importance of maintaining the breath hold
during the treatment delivery. The advantages of using the breath hold technique is that the
treatment delivery is consistent between each fraction (i.e. the same treatment beam is
delivered to the same patient geometry, within the residual uncertainties). The disadvantages
include potential discomfort or inconvenience to the patient during breath hold and a
reduction in the efficiency of the treatment delivery. The use of this technique is limited to
patients who can tolerate holding their breath, ideally for more than 20 seconds at a time,
understand and can comply with the instructions, and who can obtain a reproducible breath
hold with the device.

For both tracking and gating the eligibility of the patients depends on the ability to
accurately correlate a surrogate with the tumor position. Using an internally implanted
surrogate improves the likelihood of this correlation, however it involves an invasive
procedure. The advantages of these techniques are that there is no inconvenience to the
patient, they maintain a normal breathing state, and the dose to the surrounding normal
tissue is decreased. The disadvantages of these techniques is a reduction in treatment
efficiency, for gating only, and the increased burden of quality assurance, as the treatment
delivered each day will vary, likely only subtly, based on the variation of the patients
breathing and position, i.e. the ‘beam on’ will vary based on the breathing phase for gating
and the position of the beam will depend on the motion of the surrogate in tracking.

5. Patient Selection, Clinical Workflow, QA and Management
The first step in patient selection for different treatment techniques is to evaluate the
breathing motion. If the motion is less than 5 mm, than as recommended by the American
Association of Physicists in Medicine (AAPM) Task Group Report #76, no adaptation for
motion should be performed. It is advisable to verify the lack of substantial motion at the
time of first treatment and periodically for standard fraction schedules. The selection of
which treatment technique to use depends on the clinical availability and the risk to normal
tissues.

The general clinical workflow begins with motion assessment and selection of appropriate
motion management technique. Imaging at treatment planning should include diagnostic
quality imaging for tumor delineation as well as motion assessment in all 3 directions,
ensuring that the normal breathing pattern is accurately evaluated. At treatment, the baseline
reference position should be used for setup and the motion of a surrogate should be
evaluated. Substantial changes in the motion should be acted on as necessitated by the
clinical protocol.

Quality assurance is critical for all aspects of the adaptive management of liver cancer. First
it is important to verify that the correct phase of breathing is transferred to the treatment
planning system for planning and use as the reference image. Verification of the breathing
motion should be mandated for each treatment fraction. For patients treated at breath hold,
image guidance to align and verify the breath hold position should be performed at each
treatment fraction, for both hypo-fractionated and standard fractionation techniques. Patients
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treated with gating or tracking using a surrogate should have verification of the consistency
of the surrogate prior to each treatment fraction, again, regardless of fractionation schedule.

The dosimetric impact of the uncertainties associated with the treatment of liver cancer, and
therefore the dosimetric indications for the need to pursue a true adaptive approach, are
beginning to be investigated. Romero and colleagues have recently reported on the
dosimetric impact of daily setup corrections for 14 SBRT patients.38 CT-based corrections
reduced the loss in tumor volume coverage from 6.8% to 1.7%, which translates into a
reduction in the equivalent uniform dose from 15.5% (no corrections) to 2.3% (with
corrections). Dosimetric changes to the organs at risk varied between positive and negative
deviations and were found to be independent from the magnitude of the setup error,
indicating the potential for dosimetric improvements with the development of online
adaptive treatment techniques.

Similar improvements in target coverage with IGRT have been seen for patients treated
under breath hold. In a study of 30 patients treated with 6-fraction image guided (MV portal
images and kV CBCT projections) SBRT, 28% of the non-IGRT setups were within 3 mm,
which increased to 82% when IGRT was employed for setup. The dosimetric implications of
these offsets were a reduction in the planned mean PTV coverage from 82.4% to 80.3%
(with IGRT) and 66.3% (without IGRT).15 For 29 free breathing patients treated under the
same protocol, CBCT images obtained at the beginning and end of each fraction were
analyzed offline to evaluate baseline shifts (i.e. the relative change in position of the liver to
the vertebral bodies) and intra-fraction changes. Inter-fraction changes dominated the
uncertainties, with a systematic error in the SI direction of 2.9 mm (inter-fraction) versus 1.1
mm (intra-fraction). These inter-fraction differences may provide the opportunity to perform
adaptive radiotherapy to take advantage of the new geometrical relationship between the
tumor and surrounding normal tissue. For example, for tumors near the stomach a change in
stomach filling between treatment planning and treatment delivery may enable re-
optimization of the treatment plan to further spare dose to the stomach.

Advancements in deformable registration, dose accumulation and volumetric online imaging
are enabling the investigation into the use of adaptive protocols for liver RT. Current
research is showing the dosimetric impact of changes in breathing motion, baseline shifts,
residual setup errors, and the relative deformation of the tumor and surrounding normal
tissues using 4D CBCT at each fraction and deformable registration and dose accumulation.
Dosimetric differences in tumor coverage as well as normal tissue doses are observed. Most
importantly, dosimetric differences in the dose-limiting normal tissues have been observed,
indicating that with deformable dose accumulation and adaptive planning, additional dose
escalation could be pursued.39

6. Conclusions
IGRT for radiation therapy of the liver can improve the ability to deliver a high dose of
radiation to the tumor while maintaining an appropriately low risk of normal tissue toxicity.
These techniques range in complexity, both for treatment planning, delivery, and quality
assurance, however the potential impact for the treatment of patients with large amplitudes
of breathing motion can be significant. Image guidance is necessary for the safe
implementation of these techniques, however, improvements in image guidance systems is
enabling a streamlined approach for the integration of these complex techniques into the
clinical process. Although, to date, the use of adaptive technology for the treatment of liver
cancer has mainly been focused on individualizing planning margins and treatment
techniques to improve dose escalation for individual patients, ongoing research and
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emerging technology is paving the way, and indicating the potential benefit of, true adaptive
radiotherapy.
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Figure 1.
Improvements in image guidance with surrogates closer to the tumor: initial alignment,
based on lasers (top), based on bony alignment (center), and based on the liver (bottom).
Lipidiol in the tumor, visible on CT and CBCT, enables evaluation of the tumor registration.
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Figure 2.
Axial (left), coronal (center), and sagittal (right) view of the GTV (red), CTV (green), and
PTV (blue) shown on the exhale breath hold, contrast enhanced image, with an asymmetric
margin based on the individual breathing motion
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Figure 3.
Methods of measuring breathing motion: cine MR frames (top), 4D CT (upper-middle),
online fluoroscopy (lower-middle, right) compared to DRR (left), and 4D CBCT (lower)
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Figure 4.
Digitally reconstructed radiographs (DRRs) generated from treatment planning images with
the fiducials highlighted (left), kV images generated during deliver (center), and the fusion
of both images (right). Figure courtesy of Paul J. Keall, Stanford University
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