Specific Aims

In the United States, there were approximately 55,000 estimated new kidney cancer cases diagnosed in 2008, and around 13,000 deaths because of the disease [ref]. Image guided percutaneous tumor ablations are minimally invasive non-surgical methods used to treat patients who are poor surgical candidates or have failed other therapies. These ablative procedures present lower morbidity and faster recovery times that in surgery, and in the case of the kidney, have shown potential to replace surgery for the treatment of small tumors [ref]. In the US, the most common image guidance modality used is computerized tomography (CT), with cryotherapy and radiofrequency ablation (RFA) being the more frequent ablative therapies. Percutaneous cryoablation under CT guidance has the advantage of partial visualization of the iceball during the procedure which can provide monitoring to ensure optimal coverage of the tumor and to reduce the risk of injury to adjacent organs. A crucial component of this method is the placement of the multiple cryo-applicators in and around the tumor to optimize treatment, with typical procedures requiring placement of 2 to 10 applicators, with an average of 4. However once an interventional plan is devised, its precise implementation is affected by the difficulty of accurately positioning the probes into the desired location. An iterative method of constant probe adjustment and repeat scanning and radiation dose is needed to correct the probe trajectory, and this is the most time consuming portion of the procedure. Navigation systems can overcome these limitations, although the acceptance of commercial navigation systems in the clinic has been somewhat limited. They can be large and cumbersome, cramping an already crowded operating space, and require considerable modification to the current surgical workflow. Navigation using optical trackers requires the presence of cameras with constant line of sight to the tools, which must equipped with bulky reflective sensors. Navigation using electromagnetic trackers requires holding a field generator to within 50cm of the tools, and the inclusion of sensors and calibration. Hence, there is an imminent need to assist the practitioner in delivering the ablation probes accurately into the targeted area of the kidney with discrete and non-disruptive navigation technology. The imperfect implementation of the interventional plan can be particularly hazardous when the tumor is close to critical structures and can lead to inadequate coverage of tumor margins. Clinically, these limitations produce higher rates of recurrence and an increase of surgical complications.
Our long term goal is to develop a completely integrated system for percutaneous ablation of liver, kidney and lung tumors which would encompass procedure planning, surgical navigation with compensation for organ motion and deformation and real-time monitoring of the ablated region. The objective of this application, which is a necessary step towards our long term goal, is to integrate a novel video-based navigation system to improve probe placement during kidney ablation therapies, and to validate the system in Phase I and Phase II clinical trials. The rationale that underlies the proposed
 research is that by providing tracking of the probes combined with intra-operative images, precise placement at the designated target position will be statistically improved, reducing radiation exposure, overall probe placement time and in the long term, clinical outcomes. The video sensing navigation device we propose only requires attaching a small digital camera to the ablation probes and an adhesive pad onto the patient. While only minimally modifying current surgical equipment and workflow, this device can effectively address its major problems. Our preliminary data with lung biopsy show promising results. We have assembled a multidisciplinary team to cover the scope of expertise (interventional radiology, hardware and software engineering, image guided therapy – see Biographical Sketches) required for the successful outcome of this research. We will have access to the expertise and technology of Activiews, a medical device company specialized in video based guidance systems for interventional procedures; we will build upon the open source software framework 3D Slicer and previous software expertise of the National Alliance for Medical Imaging Computing at the Brigham and Women's Hospital (BWH); and we will have access to the resources, patients and experience of the Abdominal Imaging and Intervention group at BWH. 
To achieve the objectives of this research the following specific aims have been set:
SA#1: Adaptation of a novel video based navigation system for interventional guidance of percutaneous kidney ablation probes, and validation of tracking accuracy

Activiews have developed a novel navigation system which uses a small digital camera attached to the proximal end of a surgical probe for position tracking by visually detecting landmarks on a custom pad adhered to the patient. It shows real-time video footage of the needle insertion and can track needle bending. The system has already gone through preliminary trials for lung biopsy (see Preliminary Studies section) and it will be adapted for kidney ablation. This will require designing a new adhesive patient pad to allow multiple probe insertions for cryoablation, modifying the system to enable probes of varying gauge to be used and modifying the current navigation software to incorporate these changes. Accuracy of the tracking system for kidney ablation will be validated using a commercial abdominal phantom.
SA#2: Development of navigation software to integrate tracked tool positions and intra-operative images
We will develop an open source software interface that will build on 3D Slicer, an already existing open source visualization and medical image processing architecture. The software will integrate the intra-operative images, the tracked tool positions, the video output footage from the camera sensor and any other information of use to the surgeon during the intervention. 
SA#3: Validate the clinical feasibility of this system in Phase I and II clinical trials

Once the video tracking technology has been adapted and integrated with the navigation software Phase I and Phase II clinical trials will be performed on 20-30 patients using the navigation technology. In order to test the clinical significance this technology has, we will measure probe placement time, probe placement accuracy, number of probe trajectory corrections during the procedure, number of CT images required to locate the probes and presence of surgical complications. This data will be compared with a historical group of procedures in order to measure any statistically significant improvements in these metrics.
The proposed research is innovative because it provides video tracking technology that only minimally modifies the current surgical workflow and instruments, yet, when placed within an integrated software navigation environment, is capable of overcoming the main technical difficulties of an ablation procedure. The expected outcomes are shorter procedure times, lower radiation dose and improved target accuracy of the ablation probes leading to adequate tumor coverage. 
Background and Significance

Significance
It is estimated that kidney cancer has been diagnosed in over 55,000 people in the US in 2008, causing 13,000 deaths [1]. Its incidence has been increasing steadily for the last 65 years along with its mortality rate, and approximately $1.9bn is spent in the United States each year on kidney cancer treatment [2]. Percutaneous kidney ablation, which has shown potential as an alternative to surgery, requires the introduction of ablation probes in and around the tumor region of the kidney in order to apply thermal or chemical treatments. The successful outcome of these procedures directly depends on the correct implementation of the interventional plan, that is, on the accurate placement of these probes [ref]. At present, these probes are inserted manually under CT guidance, and their inaccurate placement can be hazardous when the tumor location is close to critical structures and can cause deficient tumor coverage, surgical complications and high rates of recurrence [3]. This procedure would clearly benefit from navigation approaches where the ablation probes are tracked and overlaid onto intra-operative images to show their location in the body in real-time. However the few commercial navigation systems that are available have had low acceptance in the clinic due to their lack of effective implementation. Current systems are large, necessitate modification of the surgical instruments and require either line of sight to the tools or location of their tracking hardware very close to the surgical region, both of which interrupt the clinical workflow. There is an imperative need to provide navigation to the procedure with minimal disruption to the workflow. Our contribution is the provision of a novel video based navigation system, which only requires attaching a small disposable digital camera to the probe and an adhesive pad to the patient around the surgical region. The outcomes of this research are significant because it provides tool tracked navigation, with only minimal modification of workflow and surgical instruments. The technology we use represents an important change of paradigm with respect to the current available optical and electromagnetic based navigation devices. It is simple to use, presents few and disposable components, and it really deals with the principle placement problems of the procedure. We will demonstrate that the system will improve probe positioning, reduce the number of images acquired during guidance (minimizing radiation), and considerably decrease probe placement time. Once the system is demonstrated with clinical trials on kidney ablation, it will be used for percutaneous interventions of other organs, such as the liver, the lung, the pancreas and the breast. 
Background

In the past 50 years, the incidence of renal cell carcinoma in the United States has increased by 126% [4], as has their associate mortality rates [5]. With advances in imaging technologies such as Magnetic Resonance Imaging (MRI), Computed Tomography (CT) and Ultrasound (US) and their burgeoning use in clinical practice, smaller renal cell carcinomas are being detected [6]. The mainstay of treatment is surgical excision with radical nephrectomy [7]. Although treatment with radical nephrectomy has produced good results, nephronsparing surgery was proposed as a more appropriate treatment for small sized renal cell carcinomas [8, 9]. 
Image guided percutaneous tumor ablations are minimally invasive non-surgical methods that have bee advocated as an alternative to surgery for renal cell carcinoma, especially for patients who are poor surgical candidates or have failed other therapies. There has been extensive data published regarding clinical outcomes of these treatments [10-17] which show that RFA and cryotherapy present lower morbidity and faster recovery times that in surgery while preserving renal function. In the case of the kidney, they also present the potential to replace surgery for the treatment of small tumors of less than 4cm [16, 18]. 
In the US, the most common image guidance modality used for ablation is CT [ref]. Percutaneous cryoablation under CT guidance has the added advantage of intraprocedural monitoring, which is particularly valuable. Partial visualization of the iceball during the procedure maximizes the chance of optimal tumor coverage in a single treatment session, and it can also help the operator limit damage to normal structures, including renal parenchyma. This is particularly important in patients with solitary kidneys, multiple tumors, or renal insufficiency, in whom it is important to spare as much normal renal parenchyma as possible while achieving complete tumor ablation [15].
A crucial component of percutaneous interventions is the adequate placement of the ablation probes in and around the tumor to optimize treatment. For RFA of larger tumors, often a single ablation is insufficient to obtain complete coverage of the tumor volume and an adequate ablation margin [19]. An interventional strategy involving overlapping ablation zones (see Figure X) can be required, which needs exact placement of the RF probe at successive specific locations in the kidney [20]. For cryoablation, typical procedures require placement of anything from 2 to 10 applicators, with an average of 4 [ref]. These must be placed so as to form an iceball sufficiently large to cover the entire tumor, but sparing surrounding structures. Once an interventional plan is devised and the location of the probes selected, its precise implementation is affected by the difficulty of accurately positioning the probes into the desired location. The only source of guidance for probe positioning is the images from the CT scanner. An iterative method of partial probe insertion, repeat scanning and probe adjustment is needed to correct the trajectory, which means increased radiation exposure. Probe insertion constitutes the most time consuming portion of the procedure. The imperfect implementation of the interventional plan can be particularly hazardous when the tumor is close to critical structures and can lead to inadequate coverage of tumor margins [15]. Clinically, these limitations produce higher rates of recurrence and an increase of surgical complications [21].
To overcome these important limitations both robotic and surgical navigation systems have been proposed. Robotic systems use actuated mechanical devices to guide the surgical tools. An industrial robot was adapted for fluoroscopic guided robotic renal puncture [22] which used a modified industrial robot. However its large size and complexity made it unsuitable for routine clinical use. A much smaller disposable robotic biopsy assistant was initially applied to CT guided lung biopsy [23], showing promising results in phantoms but yet to publish clinical results. Navigation systems track the location of surgical instruments in the field and use this position information together with the images to show tool position in the body. A navigation system using an electromagnetic (EM) tracking device has been trialed in animals [24] for intrahepatic needle puncture. Another has been FDA approved and released commercially for CT guided ablation therapy [25]. This tracking technology requires having an EM field generator placed to within 500mm of the surgical tools, requires modifying the current surgical tools and performing a calibration process. Those that use optical tracking of the instruments require large cameras, bulky sensors to be placed on the tools and need continuous line of sight to obtain localization data. Both these approaches considerably modify the current surgical workflow. These limitations and the large size of these systems which can cramp an already overcrowded operating room containing a CT scanner, the cryoablation unit, the argon and helium cylinders and the anesthesia equipment have made the acceptance of commercial navigation systems for ablation procedures in the clinic somewhat limited. To date, a system which can aid the practitioner in delivering the ablation probes accurately into the kidney without a large modification of the current surgical workflow or the addition of large pieces of equipment is not available, and this need is that which we expect to address in this research application.
This research proposal intends to perform kidney ablation during clinical trials making use of a new navigation system developed by Activiews, an Isreali company specialized in image guided interventions. The system tracks probe location by using a small disposable digital camera attached to the proximal end of the tool and by visually detecting landmarks on a pad adhered to the patient. It shows real-time video footage of the needle insertion and can track needle bending. Clinical trials of the system with lung biopsy have shown promising results (see Preliminary Studies section) with only a minimal modification and interruption of the current workflow. The system can now be adapted for thermal ablation of the kidney, as it is simple to use, presents few and disposable components, and it can deal with the principle placement problems of the procedure. We expect to demonstrate improved probe positioning, reduced number of acquired CT images during the procedure, considerable reduction in probe placement time. 

Preliminary Studies
In addition to percutaneous tumor ablation, specialists at Brigham and Women’s Hospital and Dana-Farber/
Brigham and Women’s Cancer Center have pioneered many image-guided interventional techniques for cancer treatment. Ferenc A. Jolesz, MD, director of Magnetic Resonance Imaging and the Image Guided Therapy Program at Brigham and Women’s Hospital, pioneered in the development of the open-configuration MRI scanner, which is also used for surgical applications.

The main objective of the Surgical Planning Laboratory (SPL) of the Brigham and Women’s Hospital (BWH), in which the investigator Dr. Hata has a leading role, is to achieve more effective and less invasive treatment in image-guided therapy. The laboratory fulfills this mission through a commitment to 1) inventing computer and engineering methods for surgical navigation; 2) applying the developed technologies in actual clinical cases and delivering unique feedback to the scientific research community; and 3) sharing the research data, software, and device design with industry and academic peers. 
The image 
Neurosurgeons at Brigham and Women’s Hospital were the first in the world to use intraoperative MRI for brain tumor craniotomy. Specialists at Dana-Farber/Brigham and Women’s Cancer Center also developed MRI-guided prostate brachytherapy using the MRI scanner.

are providing image-guided percutaneous tumor ablation to treat a variety of tumors, particularly for patients who are unable to undergo conventional therapies.
The ultimate goal of the project is to develop minimally invasive flexible neuroendoscopy guided by patient-specific guidance maps and their original preoperative images. Dr. Hata is well-prepared to undertake and bring to successful completion all of the phases of the proposed research in collaboration with researchers from the SNR laboratory (Drs. Hata and Nakajima, Mr. Liu) as well as its affiliated laboratories, namely Golby Laboratory, led by Dr. Golby, and the Laboratory of Mathematics in Imaging (LMI), led by Dr. Westin.
In this section, we aim to establish that the work proposed is feasible in the hands of the principal- and co-investigators and explain why our preliminary studies collectively provide key parts of the foundation for this proposal.

In each paragraph indicate how data supports feasibility. (Italicized)

Lead reviewers through the data that is presented.

Each figure should have a detailed legend

Introduce the review to the focus of our laboratory
The main objective of the Surgical Navigation and Robotics (SNR) laboratory, led by the principal investigator of this proposal, Dr. Hata, is to achieve more effective and less invasive treatment in image-guided therapy. The laboratory fulfills this mission through a commitment to 1) inventing disruptive computer and engineering methods for surgical navigation; 2) applying the developed technologies in actual clinical cases and delivering unique feedback to the scientific research community; and 3) sharing the research data, software, and device design with industry and academic peers. The ultimate goal of the project is to develop minimally invasive flexible neuroendoscopy guided by patient-specific guidance maps and their original preoperative images. Dr. Hata is well-prepared to undertake and bring to successful completion all of the phases of the proposed research in collaboration with researchers from the SNR laboratory (Drs. Hata and Nakajima, Mr. Liu) as well as its affiliated laboratories, namely Golby Laboratory, led by Dr. Golby, and the Laboratory of Mathematics in Imaging (LMI), led by Dr. Westin.
In this section, we aim to establish that the work proposed is feasible in the hands of the principal- and co-investigators and explain why our preliminary studies collectively provide key parts of the foundation for this proposal.

Activiews navigation system

Clinical trials with lung biopsy

Slicer Navigation software

The principal investigator has contributed to the advanced navigation software essential to the MRI-guided prostate biopsy by modifying the 3D Slicer [Hata-2001] and by adding target definition and planning functions.  The coordinates of suspicious tumor foci are specified and corresponding holes in the template grid are computed, which effectively shortens operation time and reduces the potential for computational errors.  The target definition is carried out using volumetric T2-weighted images acquired after the patient undergoes anesthesia.  A key feature of the system is volumetric data fusion allowing for target planning on high-resolution pre-operative T2-weighted images mapped onto intra-operative 0.5T images (Figure 3).  
Dr. Hata, the principal investigator of this proposal, extended 3D Slicer for MR-guided therapy with his colleagues at the Brigham and Women’s Hospital. He developed tools and visualization methods useful for image-guided therapy, with the goal of maximum commonality among applications. This led him to develop numerous new procedures using 3D Slicer as enabling software. Those new procedures are presented in detail in several publications. Representative new therapies he co-invented are: MRI-guided prostate biopsy  


(Cormack-2000, D'Amico-2000, Hata-2001) ADDIN EN.CITE ; MRI-guided interstitial laser ablation therapy for a brain tumor (24 cases performed) 


(Hata-1998, Kettenbach-1998a, Kettenbach-1998b) ADDIN EN.CITE ; and navigation of brain surgery with intra-operative MRI (over 1,000 cases performed) 


(Gering-2001, Nabavi-2001a, Nabavi-2001b) ADDIN EN.CITE . The development of 3D Slicer has been supported by 5U41RR019703 (Image Guided Therapy Center, PI: Jolesz) and 5U54EB005149 (National Alliance-Medical Imaging Computing, PI: Kikinis). Next, we will present three representative clinical applications using 3D Slicer.

In MRI-guided neurosurgery, pre-surgical images are registered to intra-operative images to present relevant functional or structural data that could not be obtained solely intra-operatively. The patient-to-image registration was completed within five minutes for use by the surgeon 


(Hata-2005, Hata-2007) ADDIN EN.CITE . The 3D Slicer was especially helpful in cases where the tumor was deeply situated or was dangerously near critical functional tissue or vasculature.  Prior to the opening of the skull, the surgeon maneuvered the locator to point to the intended craniotomy at various angles. 

[image: image1.wmf] 

As can be seen in Figure 5, we concluded that the 3D Slicer was useful in locating deep-seated tumors in neurosurgery. Note that the pointer and its trajectory were rendered in real time within the anatomy, possible only through computer reformatting. As the tracked pointer moved within the surgical field, the reformatted slice planes followed it, sweeping through the volumes. The surgeon verified, and in one case altered, the planned approach by visualizing the pointer on the display relative to all the surface models of critical structures.

Collectively, these preliminary studies extending 3D Slicer for surgical navigation provide a key part of the foundation for this proposal.  They unequivocally confirm that 3D Slicer is a feasible software platform for advanced medical image processing in image-guided therapy as well as precise guidance to enable new procedures. This unique capacity of 3D Slicer, as well as Dr. Hata’s expertise in its development and use, form the foundation for Specific Aim #2.
Ablation therapy program
Size of tumors: 1.1 to 7.5cm [[26]]

Tumor margin 1cm shows greater efficacy [27]
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��
Figure � SEQ Figure \* ARABIC �5�:  The neurosurgical biopsy case depicted is the prime example of the surgeon altering the approach following examination with the 3D Slicer. Methods: According to a conventional examination of MRI on a light box outside the operating room, an access hole was created near the top of the head to reach a deep tumor in the brain stem. Then the locator was held at the site of the craniotomy by a Buckwalter clamp and oriented to try various trajectories. The locator, normally a handpiece with a needle protruding from its center, was used without the needle to visualize penetration in the 3D Slicer. 3D Slicer was used to reformat images in the plane of the locator. Biopsy targets were clearly marked using green spheres. The surgeon needed to reach the tumor while avoiding the ventricle and the perpendicular cistern with the basilar artery.�
�









�More emphasis on how great the device is, its novelty and the change of paradigm this represents





