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Abstract

Objective: To describe the clinical feasibility for single session lung radiosurgery using a real-
time robotic system with respiratory tracking.

Methods: We treated 62 patients with 75 lung tumors with robotic radiosurgery (CyberKnife®,
Accuray). Twenty-two patients had primary tumors and 40 had metastatic tumors. Forty-two
patients underwent computed tomography-guided percutaneous placement of one fiducial
directly into the tumor. Ten patients were treated using spinal tracking, and in another ten
patients fiducial free lung tumor tracking (Xsight lung, Accuray Inc.) was performed. All
patients were treated with single session radiosurgery to a dose of 22 - 24 Gy. The median
tumor volume was 15 cc (1.5 — 64 cc). The last 23 patients were planned with a new Monte Carlo
treatment planning algorithm. Follow-up CT scanning was performed every two months.

Results: All patients could be treated with the automated robotic technique. The 6-, 12-, 24
actuarial local tumor control rate was 98%, 88% and 88%, respectively. The median follow up
time was 10 months (range: 0.4 — 30 months). Six patients (10%) required a chest tube insertion
after fiducial implantation because of pneumothorax. Four patients experienced nausea after
treatment. No other short-term adverse reactions were found. Fifteen patients showed Grade 1
and one patient Grade 2 signs of pneumonitis. No Grade 3 or grade 4 toxicity was detected.

Conclusions: Single-session radiosurgery for lung tumor tracking using the described
technology is a stable, safe, and feasible concept for respiratory tracking of tumors during
robotic lung radiosurgery in selected patients. The single fraction approach is convenient for
the patient and does not interfere with concomitant systemic treatments. Longer follow-up is
needed for definitive clinical results.

Categories: Radiation Oncology
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Introduction

The preferred treatment for patients with non-small cell lung cancer (NSCLC) or single lung
metastases from other cancers remains surgery. However, comorbidities, low performance
status, poor lung function, or previous surgery often prohibit additional surgical approaches, so
alternative treatment options have to be selected. In most of these inoperable patients,
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conventional radiation therapy, which can result in local control rates of 40 — 70%, or palliative
chemotherapy is chosen [1-4]. Conventional, conformal radiation therapy in the lung is made
technically difficult by the substantial and variable target motion in this organ. Often, the total
dose needed to destroy the cancerous tissue cannot be fully applied while protecting the
surrounding healthy tissue. This problem has been addressed in a number of ways, including
immobilizing the patient using body frames and abdominal compression devices [5-6].
Recently, gating techniques have been developed that allow the treatment beam to be turned
on when breathing brings the tumor to within a predefined range and turned off when it leaves
this target range. Although each of these techniques has permitted substantial dose escalation,
they also require considerable set-up margins to assure that the tumor receives sufficient
radiation. A consequence is that a significant amount of healthy tissue is irradiated.
Accordingly, most published series on stereotactic lung radiotherapy report hypofractionated
treatment regimes [5-7].

We believe that the aim of lung radiosurgery should be the same as the aim of brain
radiosurgery, that is, to maximize radiation to the tumor and minimize radiation exposure to
surrounding normal tissue and adjacent critical structures. The newly developed respiratory
tracking system that is a feature of the CyberKnife® System (Synchrony® Respiratory Tracking,
Accuray Inc., Sunnyvale, CA) should allow achievement of this goal. The integrated imaging
system coupled to the robotically-controlled linear accelerator is designed to precisely and
dynamically track moving targets, such as pulmonary tumors. It is the purpose of the current
paper to describe the clinical application using a stringent and minimally invasive setup for
selected patients with NSCLC or pulmonary metastases.

Materials And Methods

Radiosurgery system

The CyberKnife robotic radiosurgery system consists of a 6-MV compact linear accelerator
(LINAC) mounted on a computer-controlled six-axis robotic manipulator. Integral to the
system are orthogonally positioned x-ray cameras which acquire images during treatment. The
images are processed automatically to identify radiographic features, and are registered to the
treatment planning study to measure the position of the treatment site in real time. The system
adapts to changes in patient position during treatment by acquiring targeting images
repeatedly and adjusting the direction of the treatment beam accordingly. The treatment beam
can be directed from hundreds of angles anterior and lateral to the patient.

Respiratory motion compensation

In order to compensate for tumor motion in the lung, it is necessary to know the internal
position of the target throughout treatment. At any given time, the stereo X-ray system can
acquire images to establish the tumor position. Conventionally, small gold fiducials implanted
in the proximity of the target are identified in both images and used to compute the 3D target
position. While this provides accurate information on the tumor location at the instant the X-
rays are taken, this is not sufficient to obtain real-time motion information. In the present
system, the position of the chest is measured continuously by an external camera array that
tracks the position of infrared markers on the patient's chest, and the location of the tumor is
detected periodically in the x-ray images. A series of internal and external position
measurements taken at the same time is used to establish a correlation model. Throughout
treatment, occasional measurements of both positions are used to check and update the model.

The correlation model allows the internal tumor position to be estimated based on the external
marker position. Because the frequency of the external camera system is approximately 30
Hertz, this estimation can occur almost continuously while keeping the diagnostic X-ray dose
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low. Nevertheless, data processing and robot motion cause a time lag At. While this lag is
small, it can be handled based on the cyclic nature of respiratory motion. At each time step t;,

the position of the tumor at time t; + At is computed. The robot is then controlled, such that the

beam will always point to the tumor [8-10].

Fiducial-free tracking was done using the Xsight Lung Tracking (XLT, Accuray, Inc.) software
which uses the actual image intensity of the lung tumor for targeting the beam. and therefore,
eliminates the need for fiducial implantation. XLT uses advanced image processing and image
registration techniques to automatically lock onto the tumor directly, tracking it throughout
the procedure. The XLT System is able to track most peripherally located lung tumors that are
at least 15 mm in diameter as it relies on the difference of the tissue density between the tumor
and the surrounding lung tissue.

Patients

Sixty-two patients were treated for 77 lung tumors with radiosurgery (Table 7). There were 35
men and 27 women. The age range was 22 to 87 years (mean age: 63 years). Twenty-

two patients had primary lung tumors and 40 had metastatic tumors. One patient underwent
radiosurgery for four lesions and eleven for two lesions. All others were treated for a single
tumor. We only selected patients with a maximal tumor diameter of 3.5 cm. Nine patients (14%)
underwent prior conventional radiation therapy for the targeted lesion. Twenty-three patients
received chemotherapy before or during SRS treatment and 17 patients underwent surgery
before SRS. Tumor volume ranged from 1.5 to 64 cc (median: 15 cc).

Sex Age (y) Primary Volume Dose Isodose 10 Gy
f 57 BC 12,4 24 70 26.96
f 7 CR 64,2 22 75 250.2
m 7 CR 22,7 24 75 92.9

m 53 Pharynx 21,7 24 80 340.6
m 53 Pharynx 29,9 24 80 234.3
m 65 BC 4.1 24 75 52.4

f 62 BC 17,2 24 70 132.99
f 77 Other 23,5 24 70 138.46
m 68 BC 11,3 24 70 49.44
m 59 BC 26,7 24 75 145.2
f 86 UGT 39,3 24 70 213.2
m 54 BC 8,1 24 70 56.11
m 44 Melanoma 56,6 24 70 223.83
m 66 BC 4,8 24 75 31.54

f 59 BC 223 24 75 14.54
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TABLE 1: Patient series

Abbreviations: f = female, m = male, No = number, BC = bronchial carcinoma, GIT = gastrointestinal tract other than colorectal,
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CR = colorectal, UGT = urogenital-tract, 10 Gy = volume of the tissue surrounding the lesion receiving 10 Gy and more.
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All patients were evaluated by a thoracic surgeon, a radiation oncologist, and an interventional
radiologist for eligibility of treatment and fiducial placement. Forty-two patients received one
percutaneously implanted gold fiducial into the tumor using a pre-loaded 19-gauge needle
under CT guidance and local anesthesia [11]. No immobilization device was used during
treatment. Patients underwent contrast-enhanced CT scanning through the entire thoracic
cavity using 1 mm thick slices. The treating surgeon and the radiation oncologist identified the
location of the tumor, and a radiosurgical treatment plan was developed using a non-isocentric,
inverse-planning algorithm. The last 23 patients were planned by means of Monte Carlo
calculation which did replace the former ray tracing algorithm just recently. The tumor was
outlined in sequential axial CT images. The PTV was defined as the CTV, plus 6 mm, margin to
account for microscopic tumor infiltration. In order to reduce set-up error, patients were first
aligned to the nearest vertebra to the tumor using fiducial-free spinal registration software
(Xsight™, Accuray Incorporated) [12]. After this set-up procedure, the lung treatment plan was
loaded for treatment delivery. Modelling to correlate tumor motion (fiducial marker) and
respiratory motion (LED on chest wall) was performed. We aimed to achieve a correlation error
of less than 1 mm to start treatment. Radiation was then delivered in a single fraction using 24
Gy prescribed to the 60 - 80% isodose and 22 Gy in cases with Monte Carlo dose calculation. If
breathing patterns changed during the course of treatment, exceeding the recommended
correlation error, remodelling was performed. Patients were followed clinically and
radiographically after radiosurgery in two-month intervals.

Results
Respiratory motion compensation

All patients could be treated technically using the real-time respiratory tumor tracking
technique. Our approach to implant only one fiducial and to minimize the set-up error by
aligning the patient with the non-invasive spinal protocol proved to be feasible, safe, and well-
tolerated by the patient. Remodelling was necessary according to the breathing patterns of the
patients. One-to-five remodelling procedures (mean two) during the treatment cycle became
necessary. The median treatment time was one hour 10 minutes (30 minutes — two hours).

Clinical outcome

Follow-up ranged from two weeks to 30 months (median: 10 months). Thirteen patients had
died during the follow-up period. The six, 12-, 18- and 24-months actuarial overall survival
rates after SRS were 0.92, 0.79, 0.67 and 0.61, respectively (Figure ). The six, 12, and 24-
month actuarial local tumor control rates were 0.98, 0.93 and 0.93, respectively (Figure 2). Five
patients had documented local failure. One of the five patients with progressive disease was
treated for a recurrent tumor after surgery and conventional radiation therapy. He was
originally planned for radiosurgery on the basis of a PET CT scan because standard CT could not
clearly visualize the tumor recurrence. The PET CT obviously did not show the full extent of the
disease. The recurrent tumor was subsequently resected. Six patients required a chest tube
insertion after fiducial implantation because of pneumothorax. Four patients experienced
nausea after treatment. Fifteen patients showed Grade 1 and one patient Grade 2 signs of
pneumonitis. No Grade 3 or Grade 4 toxicity was detected. No other adverse events were noted.
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FIGURE 1: Kaplan Meier Plot showing the actuarial overall
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Discussion

It is well known that tumors in the lung move significantly. The movement can be cranio-
caudal and anterior - posterior. It has also been demonstrated that the shape of lung lesions
can change with respiration [13-14]. This explains why simply applying margins around the
tumor is not sufficient; the risk of missing the target and irradiating too much healthy lung
tissue is high. The respiratory tracking capabilities of the current radiosurgery system overcome
most of the obvious disadvantages of standard radiation therapy for lung tumors. The
integration of image-guided robotics enables the patient to be treated without any fixation
devices as the robot compensates for tumor movement. The system constantly tracks the lesion,
detecting inaccuracies, and correcting, if indicated.

Clinical application

All selected patients could be treated with the described set-up in a single outpatient session.
All patients were evaluated for feasibility of treatment by a multi-specialty team composed of
thoracic surgeons, a radiation oncologist, a radiation physicist, and an interventional
radiologist. It was decided to apply a homogeneous dose of 22 - 24 Gy to all patients prescribed
to the 60 - 80% isodose. This single-dose approach differs from several other published
approaches to stereotactic, high-dose radiation treatment in the lung. Timmerman, et al.
suggested a dose of 3 x 20 Gy for hypofractionated lung radiosurgery based on a Phase I dose
escalation study using an extracranial stereotactic body frame [15]. He reported on one case of
Grade 3 pneumonitis and one case of Grade 3 hypoxia. The concomitant prospective Phase II
trial confirmed the high local control rates using this treatment regime, although about 50%
patients with central lung tumors experienced severe radiation toxicity during the two year
follow-up time [16]. Onishi, et al. demonstrated encouraging results with a local failure rate of
only 14.5% on a multi-institutional retrospective analysis of 245 patients treated by
stereotactic radiation therapy with up to 22 fractions [7]. Three published reports exist in which
patients were treated with the CyberKnife for lung tumors. Only in the most recent one were all
20 patients treated with the latest version of the respiratory tracking system used in the present
study [17]. The majority of the patients in the Whyte and Le publication were treated using a
breathhold technique [18-19]. None of these studies determined an optimal dose prescription.
Whyte, et al. delivered 15 Gy in a single session, and Le, et al., in a follow-up study, added two
groups of patients treated with single fractions of 25 Gy and 30 Gy. They found increased
radiotherapy complications for doses greater than 25 Gy and a low one-year local control rate
(54%) for doses less than 20 Gy. Nuyttens, et al. treated 20 patients applying 3x 12 Gy, 3x 15
Gy and 3 x 20 Gy delivered every other day. Taking into account these findings and in order to
overcome these highly heterogeneous dose prescription schemes, we selected a stringent
treatment algorithm in which 22 - 24 Gy was delivered in single session. We hypothesized that
a technology providing high accuracy for moving targets should be capable of treating a lung
tumor in a manner similar to the single-session treatment often employed for brain or spine
tumors. This concept is feasible as long as the tumor is clearly visible on CT and not too large.
We suggest that this treatment regime be applied only to relatively small tumors (maximal
diameter of 3.5 cm). The dose was well-tolerated by all patients during short-term follow-up.
Longer follow-up is needed for definitive clinical recommendations and risk estimations.

In order to reduce the invasiveness of the procedure to a minimum, we decided to only implant
one fiducial into the lung tumor for image-guided tracking. Although one fiducial is generally
regarded as insufficient for 3-D tracking, we thought the risk of pneumothorax would be
unacceptably high when implanting three fiducials or more into the lung. Furthermore, as we
mainly treated small tumors, it would not have been feasible to implant three or four fiducial
inside these tumors -- fiducial markers placed in normal lung can easily migrate and are
therefore unsuitable. To minimize the set-up error, and particularly, the rotational error, we did
an automated set-up as during spine radiosurgery, aligning the patient primarily to the
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vertebrae nearest to the lesion. After this set-up, we switched to the respiratory tumor tracking
algorithm for creating the correlation model between tumor motion and the respiratory
motion. This procedure was well-tolerated by all patients.

Current research indicates that lung tumor tracking for peripheral tumors may be possible
based on X-ray imaging alone. This is already realized with more sophisticated image
processing and image registration techniques that automatically lock onto the tumor directly
[10] (Xsight lung software, Accuray Inc.). This tracking innovation enables clinicians to treat
patients without implanting any fiducials, potentially making lung radiosurgery a completely
non-invasive procedure. In our early experience, this non-fiducial tracking capability can only
be realized in tumors with a diameter over 1.5 cm and a peripheral location where the spine and
the heart soft tissue are not overlapping with the orientation of the stereoscopic beams of the
imaging system. This might be the case in about 10% of the lung cases potentially available for
lung SRS. We used this technique in 10 patients and could confirm the feasibility of the
tracking method.

Conclusions

Image-guided respiratory real-time tumor tracking for robotic lung radiosurgery is a technically
safe and stable procedure. The single-session procedure we applied showed excellent
tolerability and seems to be a feasible treatment method for selected patients with small
tumors. Particularly, the fiducial-free tracking capabilities will have a significant impact on the
ease of use for lung tumor radiosurgery in the near future. A longer follow-up and prospective
evaluations are needed for definitive clinical results.
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