



a.	Specific Aims





The diagnosis and treatment of prostate cancer using imaging guidance requires precise methods of localization, navigation, control and monitoring of the intervention. In the proposed research we plan to apply an interactive comprehensive MR image- guided program for the diagnosis and treatment of localized prostate cancer. We believe that by translating the current MR guided technologies developed for neuro-surgery to improve on our existing image guided interventions in the prostate; we can improve the diagnosis and treatment of prostate cancer. The challenge is to increase the information content of the intra-operative image data by using modality features while preserving the interactivity and near real time features of intra-operative imaging. 

	Specifically, we plan to use MRI guidance can improve the accuracy and the sensitivity of prostate biopsies. We will use MR images to facilitate the definition of the prostate gland including its margins and tumor, a prerequisite Specifically we also plan to translate the recent improvements in MRT to MR-guided brachytherapy. for the complete treatment dose to reach the target volume and for  monitoring of potential complications. The interactive intraoperative MR image guidance system will be used to localize the target tissue during prostate cancer treatment. The MR-guided treatment approach can avoid critical structures, thus decreasing their vulnerability and maximize therapy to the target tissue. The monitoring of treatment effects is critical in determining the success of the procedure, these will be evaluated in several ways. Firstly the post implant dosimetry will be evaluated. This will involve performing CT and MR analysis of all radioactive seeds based on the immediate and 4 weeks post implant images. We will also follow the clinical outcomes, PSA, % free PSA and use questionnaires to obtain quality of life measures.

More specifically we will:



Specific aim # 1. Develop and evaluate an MR-guided prostate biopsy system

	

1.1) We will evaluate the feasibility of performing MR guided prostate biopsies.

1.11) We will perform MR guided bilateral biopsies of the prostate gland, from the apex, base and midgland levels, the so-called sextant approach.  

1.12) We will perform targeted biopsies of any and all MR defined targets or suspicious area of the gland, in either the peripheral zone or elsewhere in the gland.



1.2) We will evaluate the yield from both sextant and targeted biopsies and the added value of the targeted approach.



We will develop and evaluate real time MR guided biopsies of the prostate gland. Current clinical practice is to obtain transrectal ultrasound (TRUS) guided biopsies of the gland. This is an effective method but it lacks sensitivity and an additional method is needed. We believe this approach will be especially useful in two patient populations (1) Men with abnormal Prostate Specific Antigen (PSA) levels, who have had repeatedly negative biopsies (i.e. no cancer found) performed under TRUS, and (2) Men with abnormal PSA levels, who have had prior rectal surgery and are unable to undergo standard TRUS biopsies. In this latter group this method will provide a heretofore-unavailable biopsy option. We will apply the essential techniques for MR-guided prostate brachytherapy to a program for obtaining prostate gland specimens in these two patient populations. 



 

Specific aim # 2. Apply advanced MR-guidance methods to an MR guided prostate cancer treatment system



2.1) We will develop segmentation and registration techniques, using the Proton density (PD) and T2W images at 1.5T into the 0.5T images, by mapping and deformation of the images. The 1.5T images are acquired while the patient lies on his back, with his legs flat and together, as opposed to the treatment position, where he is lying on his back in the lithotomy position, thus the gland will deform and change position. We will also integrate the existing MR brachytherapy planning software into the interactive imaging system  (3D Slicer)

2.2) To monitor and control treatment we will develop an automated radioactive source localization method, based on the 3D MRI data acquired in the operating room after seed implantation.



	In the past 2 years we have treated over 100 men with localized prostate cancer using MR guided brachytherapy. In aims 2 & 3, we will continue to treat a similar population with the new methods described. We will develop and apply methods for integration of preoperative images into the intraoperative image data set to provide information for navigation and real-time control of prostate cancer brachytherapy. An essential tool for much of this work will be the 3D SLICER, a software program, developed in-house by Hata and Gering (REF). We will develop an automated MRI segmentation algorithm, using pre and intra-operative MR images, for analysis of the boundary of the prostate gland and its substructure, which will utilize already existing segmentation tools. We will also develop a registration program, to allow integration of the diagnostic, pre-operative endorectal coil images of the prostate obtained at 1.5 Tesla onto the images acquired in the operating room, in the open interventional 0.5 Tesla system. This will allow for improved navigation by identification and localization of the target and adjacent structures during treatment.

	A real-time on-line treatment planning software program will be integrated into the interactive MR imaging system. Having achieved the segmentation and registration steps, this data will provide enhanced planning information.  The radioactive sources will be identified in their respective locations to allow for improved post-implant dosimetry specifically the micro-dosimetry. This in conjunction with specific aim #3, will allow us to develop a quality assurance method to assess both MR and US guided implants.   



Specific aim # 3. Image guided treatment follow-up with monitoring and measurement of treatment effect. 



3.1) We will register the pre- and post-treatment MR images to CT images in order to define the prostate sub-structure and the individual seeds on the post treatment MR, thus allowing accurate post-implant dosimetry (PID).

3.2) We will define and validate a definition of PSA failure following MR guided brachytherapy, whose target volume is the PZ utilizing the free and total PSA. We will develop an algorithm to correlate the PID to clinical outcomes such as PSA and QOL.

 The gold standard way to measure the quality of brachytherapy is the post-implant dosimetry. We will develop a method to evaluate the quality of the implant in our patients, by integrating post treatment CT and MR images to do post-implant dosimetry. This will try to improve on the CT alone method, by adding the improved contrast This will be applicable to all patients treated with brachytherapy, not just our patients. A fusion and integration of the information acquired on each individual MR sequence and the CT scan into one dataset would be advantageous in performing dosimetry. This is because MR is an excellent imaging method to identify the boundaries and sub-structure of the prostate and CT is currently the best techniques to define the location of the radioactive seeds. The dose distribution to anatomic structures will then be correlated with patient outcomes. The time course of prostate cancer is so long that survival and cancer control, while the ultimate outcomes, cannot be evaluated in the 3 year period of this proposal. We will achieve the full dosimetry analysis in a later study. We will, however evaluate the surrogate outcomes of dosimetry and include serum PSA, acute treatment toxicity and the patients reported quality of life (QOL).





b.	Background and Significance



This proposal describes a new approach to the biopsy and treatment in men, at risk for or already diagnosed with prostate cancer. In this section we outline the current clinical issues for men facing this diagnosis and making treatment decisions. Along with this we present the current status of image-guided therapy and the new tools available to improve this approach. MR is uniquley suited to the prostate as it provides full imaging of the gland, its sub-structure and potential tumor foci. To deliver local treatment to the gland and its cancer precise guidance and imaging is essential.



Prostate cancer diagnosis and treatment

	Prostate cancer is the most common non-cutaneous malignancy diagnosed in US men. It is estimated that 179, 300 men will be newly diagnosed with prostate cancer and 37,000 will die, in 1999 (Cancer Facts & Figures-1999 American Cancer Society p. 14). The impact of the diagnosis and treatment of prostate cancer, whether on the individual, their families, the health care community, insurance companies or society, is very significant. The significance was shown by Lu Yao et al in a study of Medicare beneficiaries, which showed that the number of radical prostatectomies performed on US men, increased almost 6 fold from 1984 to 1990. There are sigificant side effects from radical treatment which include genitourinary, gastrointestinal and sexual dysfunction.

These represent significant issues when selecting treatment for this potentially indolent cancer.  For all men with prostate cancer the goal should be to control the tumor and minimize the morbidity of treatment. This is especially important for older men, who may very well not die from prostate cancer.

	Prostate cancer is diagnosed by biopsy based on either an elevated PSA level or a palpable nodule in the gland. Transrectal Ultrasound (TRUS) guided biopsy is the standard clinical method. The limitation is the low sensitivity of 60% with only 25 % positive predictive value (Terris J Urol). Keetch et al. have shown that more than 20% of cancers diagnosed required more than one biopsy session. The current clinical practice at our institution is to perform a TRUS guided sextant biopsy.  A randomized study of the efficacy of 6 versus 12 cores in 160 patients showed no difference in cancer detection (Naughton et al J. Urol -In press). This suggests that it is the location or target which is actually biopsied, rather than the number of samples, that matters. MR imaging can detect suspicious lesions in the peripheral zone (PZ) of the gland on T2W images as areas of low signal intensity. The sensitivity of MR is relatively high but the specificity for diagnosis of cancer is not as high. We and others have previously shown that the detection of tumor foci on MRI is in part a function of size, with 89% of foci greater than 10mm being detected and was lower for foci less than 5mm. (Ikonen S, Karjjainen L, Salo JO et al Magnetic resonance imaging of clinically localized prostate cancer. J Urol 1998; 159: 915, Ellis  JH, Tempany S, Sarin M, Gatsonis C et al  MR imaging and sonography of early prostate cancer: pathologic and imaging features the influence identification and diagnosis. AJR 1994; 162: 856). 

	A recent pilot study in 33 patients, by Perotti et al suggest that MR can accurately localize tumor foci in patients with prior negative biopsy and elevated serum PSA. They used pre-biopsy MR imaging to identify lesions/targets (based only on signal not size) and then performed TRUS guided biopsies with attempts to directly biopsy the most suspicious MR lesions and in this group they reported an accuracy of 67% (Perotti M, Han K-R, Epstein RE et al. Prospective evaluation of endorectal magnetic resonance imaging to detect tumor foci in men with prior negative prostatic biopsy: A pilot study. J Urol. 1999; 162: 1314-1317). Thus an MR guided biopsy system may be very useful in 2 groups of patients those with prior negative biopsies and rising PSA and those who cannot have a TRUS guide biopsy because of prior rectal surgery. Such a system would provide real time MR guidance of the biopsy needle into MR defined targets.

	The management and treatment of men with clinically localized prostate cancer remains controversial. The 3 treatment choices are radical prostatectomy (RP), external beam radiation therapy (RT) and interstitial prostate radiation therapy (brachytherapy).

While radical surgery has improved and s decline in mortality results are being demonstarted, there remain major problems with patient selection and morbidity.

	 Recently there has been a widespread increase in the use of implant brachytherapy for treatment of localized prostate cancer (RC refs 3 +4). The national cancer data base report, recently published has shown an overall increase from 1.4% to 3.0% in brachytherapy treatment , from 1992-1995, and in stage I disease alone there has been an increase from 2.0% to 5.8% (Mettlin C, Murphy GP, McDonald CJ, Menck Herman R The national cancer data base report on increased use of brachytherapy for the treatment of patinets with prostate carcinoma in the US. Cancer  1999; 86: 1877-82). Brachytherapy can be performed as an outpatient procedure, is less expensive than radical prostatectomy and requires many fewer visits to the hospital than external beam radiation.

	

	No prospective randomized trails comparing the 3 treatment methods (RP, RT and Brachytherapy) however have been performed. The best available data relies on retrospective analyses based on prognostic factors  (e.g. pre-treatment age, prostate specific antigen (PSA) and Gleason score) and actuarial outcomes (e.g. the time to PSA failure). DÌAmico et al used pre-treatment PSA, biopsy Gleason score and AJCC T stage in men treated with RP, RT or ultrasound guided brachytherapy with or without neo-adjuvant androgen deprivation. He compared the PSA failure free survival after each of the 3 treatment. The patients were stratified into one of 3 groups (1) low risk:  clinical T1c tumors, PSA < or equal to 10 and Gleason < or equal to 6, (2) intermediate risk: clinical T2b or Gleason 7 or PSA > 10 and < or equal to 20 and (3) high risk: clinical T2c, PSA > 20 or Gleason > or equal to 8. As may have been expected in the first group they all derived equal benefit from the 3 treatment options (Fig 1). However the second and third groups did significantly worse with implant therapy than with RP or RT (Fig 2). Thus it indicates that careful patient selection is advisable when choosing candidates for brachytherapy.

	Bice et al have attempted to explain the inferior results reported by DíAmico et al  for implant therapy in the second and third groups, based upon dosimetry. They evaluated the dosimetry results of the latest 50 cases from 5 centers and found that 5.5- 22.5 %  (median 13%) of the glands had received less than prescription radiation dose. Thus the higher PSA rates with brachytherapy may be explained by underdosing. The explanation for this failure to adequately treat the prostate gland was felt to be due to the lack of intra-operative dosimetric assessment. Other reports indicate that to evaluate the implant quality, only 28% of reported studies have calculated some form of dose-volume histograms (Vicini FA, Kini VR, Edmundson G et al. A Comprehensive review of prostate brachytherapy: defining optimal technique. Int J Rad Onc, Bio, Physics 1999. 44 93) 483-91.). In 18% of reported studies no implant quality evaluation was mentioned. Thus we see that there are problems controlling the implant therapy and evaluating its quality. Ultrasound guided treatment is not currently able to provide real time 3D feedback of needle locations and intra-operative dosimetry. Futhermore, it is problematic to accurately determine the position of the needle or catheter with the seeds in it.  Moreover, there is no feed back mechanism to correlate the actual needle location with the planned or prescribed location. That is they are not able to determine at the time of the procedure the radiation dose which as been administered. In the current study we plan to improve localization and navigation of the needles for brachytherapy, as well as determining the radiation dose and monitoring treatment at follow-up.

	

MR imaging of the prostate

	Significant advances have occurred in MR imaging the prostate gland in the past decade. The initial MR images for the prostate were of low resolution and low quality. Experience has lead to a detailed understanding of the MR appearance of the prostate gland along with its neighboring structures. It is now clearly established that a combination of  T1 or proton density (PD)W and T2W images in multiple planes provides the most comprehensive set of images of the entire prostate and its substructure, including the central gland and the peripheral zone. Focal lesions in the peripheral zone are suspicious for tumor, especially when located posteriorly in the gland.  MRI can also provide a full visualization of the rectum, bladder, seminal vesicles and neurovascular bundles (NVB) (Tempany X 2, Carter, Hricak, Outwater, et al). The MR technology has improved significantly with current state of the art images acquired with an endorectal coil/phased array coil combination at 1.5 Tesla (ref-Schnall MD  Radiology 1991,Hricak H 1994; 193: 703-709.- Langlotz CE. Academic Radiology 1996.Tempany 1994 RDOG -Seltzer SE, Radiology 1996,Tempany CM, RSNA 1995). Thus this technique of combining the endorectal and multi-coil arrays for imaging men with prostate cancer, has been shown to provide the most accurate imaging technique for visualizing and staging the patients tumor.  



Image guided therapy

	Image guided therapy has become an very important technique in cancer treatment. The ability to identify the target ahead of time and deliver the maximum therapy to the target is the ultimate goal. This applies to both conventional therapies such a radiation and novel ablative therapies such as laser or cryoablation. The three critical components of any image guided therapy method are navigation, control and monitoring of therapy. Precise navigation requires clear identification of the target to be treated. To control the delivery of treatment we need to again identify the target and all adjacent tissues while guiding the intervention or procedure. This is to ensure careful delivery of the therapy during the procedure. When applied to prostate cancer, it is important to maximize the local treatment effect and to minimize the effects on the normal structures close to the target or cancer and reduce complication rates by reducing invasiveness.

	Over the past decade a distinct new field of neurosurgery, namely image-guided neurosurgery, has evolved, at our institution and others, through advances in neuroimaging, computer science and stereotactic techniques.  The goal of image-guided surgery brings powerful imaging technologies into the operating room by taking advantage of advances in computer science and engineering. Through the use of various computer enhanced intraoperative displays and interfaces, image-guidance technologies are being used for navigation through anatomical space, for refined localization, and for enhanced differentiation of normal and diseased tissues (1). These open MR systems are currently used to diagnose, guide treatment and follow-up treatment effects, in neurosurgery, prostate cancer treatment, liver metastases, and breast cancer (REFS). Intraoperative MR imaging has several advantages over conventional image guidance methods which utilize preoperatively acquired images. For example, using frequent image updates, one can compensate for changes in the actual position of the patient and the prostate. Moreover, navigational tools built into the MRI system permit interactive imaging guidance for biopsies or surgeries (3).  The vision of combining the resources of an operating room with MR imaging technology and high performance computing is thus important though relatively new (Schenck FJ, Radiology ,Jolesz FA 1997, Silverman SG AJR: 1997). It became possible to fulfill this vision because the simultaneous combination of direct vision and imaging is possible within a unique environment of intraoperative MRI. The intraoperative MRI incorporates both the operating room and an imaging system.

	In an effort to incorporate registration in a routine clinical setting, the 3D slicer was developed at our institution, by Hata and Gering.   The 3D Slicer is a software tool for guiding biopsies and craniotomies in the operating room. It allows diagnostic visualization and surgical planning in the clinic, and facilitates research into anatomical shift and volumetric studies in the lab.  The 3D Slicer uniquely integrates several facets of image-guided medicine into a single environment. It provides capabilities for automatic registration (aligning data sets), semi-automatic segmentation (extracting structures such as vessels and tumors from the data), generation of 3D surface models (for viewing the segmented structures), 3D visualization, and quantitative analysis (measuring distances, angles, surface areas, and volumes) of various medical scans. The Slicer, now in routine clinical use, has been integrated with an open MR scanner to augment intra-operative imaging with a full array of pre-operative data. The same analysis previously reserved for pre-operative data can now be applied to exploring the anatomical changes as the surgery progresses. The trajectory of the surgical instruments are tracked. By switching the display mode, the real-time scans are visualized, in the same 3D view along with the pre-operative slices and surface models. 



Image guided prostate cancer therapy 

	The radiation oncologists has lead the field of image guided therapy for prostate cancer. This spans the treatment of both local and advanced disease. The use of Ulrasound and CT have lead to very important advances in the treatment of both groups. In local therapy the introduction of ultrasound guidance for brachytherapy has lead to the very large re-surgance of this method of treatment. Most brachytherapy implants are performed under ultrasound guidance. The major problem facing such image guidance is the lack of clear definition of the prostate, its borders, the tumor and the adjacent tissues, as a result of their inability to synthesize the entire imaging data set in one frame of reference.

MR Guided prostate brachytherapy

	Recently, the feasibility of performing brachytherapy in the interventional MR imaging system, utilizing MR to guide and monitor the therapy has been demonstrated (D’Amico, Tempany, Cormack, Kumar). We have adapted the suite to allow for real time MR guided implantation of radioactive seeds into the prostate gland, in men with localized prostate cancer. While this interactive implant procedure provides an additional level of feedback to the clinician, is assumes the seeds are deposited in a straight line, and does not address the issue of local tissue deformation or migration of sources during deployment.  To move from image guided implementation of a treatment to imaged guided procedure assessment of the treatment, we would need to be able to localize the final location of the sources within the patient before the patient is moved from the treatment position.  As the interventional MR can provide a full 3D dataset on which the sources are visible, it may be possible to achieve this goal.

	The subject of this research proposal is the integration of the hardware and software components of intraoperative MRI, navigational tools, multimodality imaging and intraoperative display into a single powerful image guidance system for prostate biopsy, treatment and follow-up.  The goal is to make the entire image based information accessible, to assure that intraoperative trajectory optimization and navigation can be performed in a user-friendly environment. By merging MRI with navigational tools and multimodality image fusion, the combination of all available information with image update can revolutionize minimally invasive therapy and will result in new treatment strategies and approaches. This application of MR guided diagnosis and therapy may improve clinical outcome for men with localized prostate cancer. 

	

Segmentation and registration of prostate MR images

	Rigid registration has been investigated and applied to various anatomies.   Among them are fully automatic methods, exemplified by several methods of rigid registration [Wells95], [Hill94], [Collignon95], [Studholme95a], [Woods93], [Thirion95], and some non-rigid methods [Bajcsy89], [Christensen94].   Several researchers have investigated the use of joint entropy [Studholme95b] [Collignon95], and found that it was not a robust measure of registration, due to difficulties associated with partial overlap of the data. Collignon et al. [Colignon95] and Studholme et al. [Studholme95a] found registration based on mutual information to be an attractive approach, with Collignon et al. [Collignol95] describing the use of Powell's optimization method. Our own work in intensity-based medical applications of rigid registration [Wells96] has used mutual information (MI) as a measure of agreement, and this method of data coupling has also been used in non-rigid registration [Hata 98)

	Some brain registration methods have made use of deformation models that have, ideally, unlimited degrees of freedom. Such models are often formulated in terms of continuum mechanical models, e.g. liquid or elastic solid models. Bajcsy and Kovacic [Bajcsy89] performed early work on non-rigid registration, using a deformable 3D grid model.   We employ a similar method, in our deformable registration [Dengler 88, Warfield95]. In later work, Christiansen et al. [Christensen94] have described a method of brain registration across individuals that employ a fluid transport model

	There has been very little practical work with application of the rigid and deformable registration of prostate images obtained by either ultrasound, MRI, CT or X-ray.  Narayana has fused ultrasound images with CT, to evaluate the post-implant dosimetry of patients with low-grade prostate cancer.  The registration was performed by manually matching the rectal surface and base of the prostate, to the Foley balloon and urethra.   Kagawa reported the fusion of CT and MRI to monitor 3D conformal radiation therapy of prostate cancer.  The registration was also manual and performed by matching anatomical landmarks.   Moerland’s work involved the integration of radiographs and MRI to evaluate the post-implant dosimetry.   Each study reported the matching error of a few millimeters. These studies incorporated the deformable registration which takes into account the shape change of prostate

Prior work by van Herk et al has shown that using 3D image registration the motion of the prostate can be quantified, relative to the bony anantomy (van Herk M, Bruce A, Kroes AP,  et al. Quantification of organ motion during conformal radiotherapy of the prostate by three dimensional image registration. Int J Radiat Onc Biol Phys 1995 33(5) 1311-20). They have quantified the correlations between rectal filling, leg motions and prostate motion during conformal radiotherapy. In this work the patient is always supine-not going from supine to lithotomy position as our patients do.

	Early work in prostate segmentation in ultrasound images was based upon a texture- based segmentation method (Richard WD, Keen CG 1996 Comput Med Imaging Graph 1196; 20: 131-40). This work used four textural energy measures associated with each pixel in the images. Preliminary investigations into the use of conventional intensity-based classifiers [???] has yielded poor results, because of texture and relatively weak boundaries among the prostate structures. In other areas of the body, active contour (snake) [????] models have been used to address such difficulties [snake medical citations].  In these approaches, intrinsic smoothness properties of the contour are balanced against external influences that are derived from the image data.  While the snake approach been successfully applied in a variety of applications, another related technology, the "Curve Evolution" (CE) approach has recently received considerable attention in medical segmentation applications [DUNCAN CORTEX FINDER].

        The CE approach was originally introduced in Sethian's seminal PhD dissertation (cite Sethian PhD), which concerned simulation of the time evolution of a flame front in combustion.  His approach resulted in a methodology for simulating curves evolving under external influences that is remarkably well behaved numerically. The approach has been subsequently applied to many other applications [cite Sethian book].

        The segmentation approach described in this proposal uses a variant of the curve-evolution approach (binary flows), and within a statistical framework, it incorporates models of the intensity characteristics of the tissues. Prior work in binary flows has demonstrated good results in segmenting images that may be differentiated by regions that have different intensity statistics, for example, different vegetations in synthetic aperture radar images [Andy-1, Andy-2] .



Treatment monitoring

	While the effects of cancer treatment are ultimately measured in terms of survival and cancer control, in prostate cancer there need to be more short-term measures. This is because survival and prostate cancer control may not be evaluated for up to 5-10 years after treatment. Thus we must use PSA and quality of life to measure treatment effects. Traditionally, post-implant dosimetry, upon which the quality of the implant is based, has been carried out using multiple planar films of the prostate to reconstruct the three dimensional seed locations and calculate dose distributions.  Such a technique requires a significant effort on the part of the planner to correlate seed projections from one film to another.  Once the correlation is determined, the seed location may be calculated knowing the geometric relationship between the planar films.  Dose distributions relative to the location of the seeds may then be calculated and plotted, but there is little ability to correlate the dose to soft tissue anatomies of interest: prostate, urethra and rectum.   

 	Recent efforts have presented methods for post-implant dosimetry using CT images and MR images (RC # 8).  These techniques offer the ability to both reconstruct source positions and relate dose distributions to the anatomy seen on individual slices of the scans.  Sources are digitized off the axial slices, but a single source may appear on more than one axial slice.  Signals from a seed that appear on multiple slices are removed either by hand or by a semiautomatic algorithm  (REF#9).  Automated source extraction from CT has also been reported (REF#11).  In all these approaches, because the sources are extracted from CT or films, patient anatomy is poorly visualized or not available at all.  Accurate definition of the prostate requires the use of MR scans. Because the prostate moves relative to the pelvic anatomy (REF# 12), a straightforward MR-CT fusion on the bony anatomy will not provide an adequate fusion. Efforts have been made to fuse the CT onto MR images (REF# 15).in order to get dose calculations, based on a CT derived source distribution, overlaid on MR anatomy.  In these efforts there is considerable user effort to determine which CT source should be aligned with the signal voids in MR that are associated with the permanently implanted sources within the prostate.  In all these efforts, the target structure of interest is the entire prostate gland.  For the purpose of MR guided implants, where the target is a substructure of the prostate, these efforts are clearly inadequate.     

	To date, there has been considerable research effort in post-implant dosimetry due to the resurgence of ultrasound guided brachytherapy of the prostate.  Systems have been developed for automatic seed identification on CT (REF # 11) and should propagate from large centers to the entire radiation therapy community in the near future.  Large academic centers have developed the ability to fuse the CT source locations onto an MR dataset to be able to evaluate dose to the prostate, as a whole (not the substructure), but these techniques require a high level of user interaction and expertise (ref# 8).   We find these efforts lacking in two areas.  The high degree of specialization needed to perform currently achievable fusions makes them unlikely to achieve routine clinical use.  The inability to identify the target of MR guided implants make them ineffective for evaluating MR guided implants, or determining what the true target for brachytherapy should be.  

	 New research in novel methods to identify and characterize prostate tumors is underway in several centers and include optical coherence tomography (Fujimoto et al) which is under evaluation at our center and MRSI or MR spectroscopy. Similarly, there are many new therapies for prostate cancer under investigation, the majority being, minimally invasive and focal, attempting to maximize treatment to the target and minimize the treatment effects on normal tissues. Examples of such focal therapies are cryosurgical ablation (Peter Carroll USCF experience), microwave thermal therapy (Terence Wong DUKE) and high- intensity focused ultrasound (Chaussy & Thuroff- Munich). But no matter which treatment is used it will be mandatory to have extremely precise image based methods of navigation, control and monitoring of the treatment.  When improved diagnostic techniques become available we will be able to pursue focal treatments, even more aggressively than at present







c.	Preliminary Studies/Progress Report





	We have shown that it is feasible to perform prostate cancer brachytherapy in an MR environment. We have developed new techniques, currently used in neurosurgey to imporve all stages of an MR guided procedure. These are images segmentation and registration and multiomdal image fusion techniques.



Biopsy study

	 In the development of the MR guided brachytherapy program we have re-designed the set up of the MR suite and patient to allow for an un-obstructed access to the prostate through the perineum. It was important when designing this set-up to ensure that the MR coils would provide adequate images of the prostate. This has been achieved and reported by McTavish et al. (McTavish JD, D’Amico AV, Cormack R, Jolesz FA, Tempany CMC. Evaluation of interventional MRI images (0.5T) of the prostate gland compared to endorectal coil MRI images (1.5T) in men undergoing MR guided brachytherapy. ISMRM 1999). In this study we compared the image quality in a subset of 20 patients, evaluating the studies for ease of identification of the gland, its sub-structure and abnormal foci, from the endorectal coil 1.5T images and the 0.5T images. The total score of conspicuity of normal structures was 27.95 for the 1.5T images and 26.5 for the 0.5T images. The mean signal to noise ratios (SNR) for the PZ at 1.5T was 11.1 +/- 4.7 at 1.5T and 10.3+/-3.8 at 0.5T (p=0.40). However the contrast to noise ratios of the PZ versus central gland were significantly different (p=0.002), being 7.0+/- 4.4 for 1.5T and 4.1 +/- 2.2 at 0.5T. In almost all aspects the 0.5T images compared very favorably with the 1.5T images. The only area where a difference was found was in the identification of focal lesions, in 12/20 men suspicious foci were seen at 1.5T and not at 0.5T. This may be explained in part by the imaging parameters which are adapted for the lower field strength and the field of view, the imaging coil used is an external wrap-around coil, not a endorectal coil.

	The brachytherapy program has demonstrated that it is feasible to place needles into specific targets in the prostate under MR guidance. We have pre-defined the target for brachytherapy as the peripheral zone which is contoured and defined by the radiologist.  Albeit the target for brachytherapy is not a lesion for biopsy, it is still a pre-defined area in the peripheral zone. The needles are placed under MR guidance using FGR sequences, and according to the radiation dose plan are placed within 5 mm of the planned target. 

	We have performed phantom and volunteer studies to investigate the feasibility of using the 3D Slicer to guide prostate biopsy and brachytherapy. We designed a phantom, to test the system. The phantom was a melon with a small tablet embedded inside the fruit. The tablet or target was approx. 3mm in diameter and placed inside a 20 cm Melon. 3D T1-w spoiled gradient echo (SPGR) images of the melon and the target were obtained using the open 0.5T magnet and the image data set was loaded into the 3D Slicer.   By freely moving the optical tracking hand piece to define the scan slice location, the T1-w SPGR MRI was re-sampled until the physician aligned the target on the simulated biopsy path.  The biopsy needle (18-G) was inserted based on the simulation, and the target was hit.

	In a volunteer study, we performed a T2-W scan to discriminate the prostateís peripheral zone from central gland.  In the scan simulation using 3D Slicer, we could observe the high signal peripheral zone (PZ) along with simulated biopsy path.  We have to note that currently setting of open-MR scanner only supports T1-W MRI scan in real-time free-hand scanning.  Therefore, the availability of T2-W images provided by the 3D -SLICER, will be critical and vital in targeting the PZ during prostate biopsies.  While no directed biopsies have been obtained using our new integrated MR guided prostate treatment system we believe that this preliminary data and that from the treatment experience provides the framework upon which we will develop the biopsy program.

We have previously performed transguteal precutaneous MR guided biopsies of the prostate gland. While this approach is feasible it is limited by the long trajectory and distance from the skin the gland. This long distance precludes accurate anvigation and control of the needle.



















Figure Prostate biopsy navigation by 3D SLICER enables access to T2W MR images



MR guided brachytherapy system

	Using transrectal ultrasound to guide needle placement lead to a resurgence in I-125  brachytherapy of the prostate.  Ultrasound imaging allowed verification that the sources were being placed within the prostate gland.   However ultrasound guided provides less effective cancer control at 5 years compared to the gold standards of RP or RT for men with clinically localized prostate cancer and a pre-treatment PSA of < 10ng/ml or a biopsy Gleason score of 7 or more. The technical advancements of using an open MR system to provide improved guidance may increase cancer control rates while most importantly potentially limiting gastrointestinal, genitourinary, and sexual dysfunction. These are the critical issues for patients, with early local disease,when choosing a treatment method.

	Magnetic Resonance Image Guided Prostate Brachytherapy was developed, by members of our research group, in order to overcome the problems of the US guided method, by implementing the improved target definition, soft tissue resolution afforded by MRI and simultaneously providing both geometric and dosimetric feedback in real time, intraoperatively.  Using these three additional features excellent dose distributions have been reported. (DíAmcio AV, Cormack RA, Tempany CM et al Real time magnetic resonance image guided interstitial brachytherapy in the treatment of select patients with clinically localized prostate cancer. Int J Radiat Oncol Biol Phys 42; 507-515).   It is expected that with further improvements in MR therapy (MRT), improvements in both quality of life and cancer control should be realized from the increased precision of dose delivery provided by this technology. 

	This program began in November 1997 and has treated over 100 men to date. In all cases the intraoperative MRI system has allowed the planned and guided placement of the radioactive seeds into the prostate, transperineally in the lithotomy position under MR guidance.

	Our patient population consists of men with clinical T1c prostate cancer as summarized in Table 1. The results of a whole mount histopathologic analysis of prostate cancer location suggested that using patient selection rules of a PSA < 10 Ng/ml, biopsy Gleason score of 6 or less and clinical stage T1c that no patient had any evidence of cancer (micro or macroscopic) in the MR defined Prostate transition zone (D’Amico AV, Davis A, Varyas S, Renshaw AA, et al Defining the target treatment volume for patients with low risk prostate cancer: does the base need to be treated? IJROBP 1999: 43; 587-590).Thus, in this subgroup of patients selected for MR guided brachytherapy, our clinical target volume (CTV) was defined as the MR defined prostate peripheral zone. After anesthesia is induced axial T2W images are acquired and we use these to define the target volume for treatment. We do this by manually outlining the PZ on each and every image it is identified on, by the radiologist. This manual contouring while functional, is currently a limitation, adding both time and operator dependancy to the process. To have an automated method to identify the CTV on line would be a sigificant improvement. This would help imrove the confidentcy of the radiologist that the correct target is being identified and reduce the planning time during the case. 

	We then transfer the contoured data set to the planning software program, and the dose distribution and plan is generated. The implant procedure then follows this plan, with the location of each and every needle evaluated by the physicans and medical physicist. These evaluations are at two levels (1) Based upon the appearance of the needle on the image- is the line straight, it is often difficult to insert the needle straight, as it may deflect off the tissues on the way in. (2) The physicist takes an axial image with the needle visualized into his planning program and overlays the actual and planned locations. If these match the seeds are dropped, if they are off by > 5mm the needle is re-postioned. The real time MR imaging and planning systems provide unique and rapid feed back at both levels. The dosimetric feedback is not however real time, and takes approximately 5 minutes per needle. 

	We utilize a template, as in the ultrasound implants, to facilitate the implementation of the planned dose distribution. We have a plexiglass obturator which is placed inside the rectum, through the template. This provides a fixed reference for the radiation planning, for the rectum. But more importantly it pulls the rectal wall away from the posterior prostate and enables the unobstructed insertion of the needles. The MR image guidance, during needle insertion, is provided using fast gradient recalled echo sequences (FGR).

	We have analyzed the results of the dose volume histograms and acute morbidity of the first 43 patients treated using the intra-operative MR guided system.(Hurowitz et al- abstract 7). The median age of the 43 study patients was 60 years (range 54 -72).  All patients had clinical stage T1cNXM0 disease as per the 1997 AJCC staging system.  The median PSA was 6.7 ng/ml (range: 4.2 - 9.9 ng/ml) and the biopsy Gleason score ranged from 3 + 2 to 3 + 4 with a median of 3 + 3.  The percent positive biopsies ranged from (1/6) 17% to (4/6) 67% (median (3/6) 50%).  Bilateral disease was noted in 5/9 (56%) patients while 4/9 (44%) of patients had unilateral disease based on the sextant sampling.  The 1997 AJCC stage as assessed by endorectal coil MR was T2a and T2b in 3 (33%) and 6 (67%) patients respectively.  The volume of the gland was calculated from the MR examination, previously shown to be more accurate than the US data (Rahmouni et al).  The endorectal MR determined volume using an standard formuala for a prolate ellipsoid (Axial x Coronal x Sagittal x 0.525)] ranged from 19 cm3- 160.0 cm3 (median 26 cm3).
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Preliminary studies in image analysis



Segmentation

        Central to specific aims 1 & 2 of this proposal is the integration of 1.5T image information into the 0.5T imagery.  The different zones of the prostate are clearly visible in 1.5T diagnostic MR images, and the challenge is to integrate this information into the 0.5T interventional MR images obtained during brachytherapy while the patient is in the lithotomy position.  We believe that, in order to preferentially treat one region over another, it is essential to have a method to differentiate the various regions and then integrate that information into the operating room for brachytherapy. To this end we have evaluated methods for segmenting the prostate and simulating its deformation.

        Our initial evaluations used images from the 1.5T diagnostic staging study. In this initial work we obtained a double echo Fast spin echo sequence in all men undergoing prostate cancer MRI staging examinations. This is done using the external multi-coil array alone, after the endorectal coil was removed and the patient is supine on the table. These data sets provide a proton density (PD) and T2W combination of images acquired at the same time and same locations through the gland. The images were acquired at 4mm intervals from the urogenital diaphragm to the trigone of the bladder.  We have demonstrated the feasibility and performance of the binary flow algorithm on pre-operative prostate MR images. Figure 1 shows a series of T2 weighted MR image slices of the prostate. A red and a yellow curve are superimposed on top of each image slice to show the locations of the peripheral zone and central gland obtained by applying the algorithm.  These contours appear to accurately outline the correct boundaries of the prostate structures.

        The remaining challenge is to increase the information content of the 0.5T intra-operative MR images, which have two fundamental problems: (1) In both 1.5T and 0.5T MR images, the prostate gland is textured with weak or diffused boundaries making the segmentation process challenging. (2) It is difficult to capture the non-rigid deformation of the prostate as the patient moves from a supine position to a lithotomy position. Here we will need to have reliabel deformation methods as illustrated above in fig 1.
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The image on the left is a T2-weighted MR of the prostate.  The image on the right illustrates the results of thresholding the MR.  Clearly, simple thresholding is not adequate for isolating the prostate from the surrounding anatomy.
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Segmentation of the prostate superimposed on T2 weighted MR images.  The region within the yellw contour is CZ.  The region between the yellow and the red contour is PZ.  The red contour outlines the prostate capsule.
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Simulation of the deformation of the prostate due to placement of the obturator.  The images are pre-operative MR. The blue curves shows the model of the obturator, the red curves shows prostate segmentation based on the image, and the green curves shows a prediction of the deformation of the prostate due to the placement of the obturator.



        This section describes an initial investigation of a method for capturing the change in the shape of the prostate as the obturator is placed in the rectum for brachytherapy. Because of the close proximity and the anterior placement of the obturator relative to the prostate, the prostate displaces posteriorly. The problem here lies in not knowing exactly how much the prostate displaces posteriorly and how the overall shape of the prostate is affected. We intend to build a deformation model that will provide some knowledge about this particular aspect of the deformation process.

        This deformation model is built based on physical principles associated with soft tissue deformation under external force. The external force, in our case, is the obturator. We model this external force as a point source located in the rectum having a displacement force that falls off at the rate of 1/r with r being the distance from the point source. Under the influence of this external force, the soft tissue (i.e. the prostate) deforms. However, as with all soft tissues, the prostate deforms with resistance. The more the prostate deforms, the more it resists the change. We model this resistance to change as an elastic restoring force. This phenomenon is built into our deformation model by introducing a force that is proportional to the amount of deformation the prostate has been already subjected to. Finally, we use a conservation of mass principle to confine our deformation of the prostate to those that preserve volume. We believe that by incorporating these three forces-- the obturator displacement force, the elastic restoring force, and the volume preserving force -- we can effectively capture elastic restoring force is built into our deformation model by introducing a force that is proportional to the external displacement force in magnitude but is exerted in the opposite direction. Our theory is, that by incorporating these three forces the obturator displacement force, the elastic restoring force, and the volume preserving force, we can effectively capture the deformation process associated with the use of the obturator during brachytherapy.















        (INSERT FIGURE2: PROSTATE DEFORMATION SIMULATION)



Registration

Our experience in rigid and deformable registration is mostly from neurosurgery.  P. Viola and W. Wells (Wells et al., 1996) developed a fully automatic rigid registration method for multi-modal medical image registration. The method is based on a formulation of the mutual information between the model and the image. The method is intensity based instead of feature based which has the advantage of not requiring pre-segmentation of the data. Registration of MR to MR, MR to CT, MR to SPECT and PET, and video to 3D models has been successfully performed on test data sets.

	In deformable registration, Denglar and Robatino implemented Denglar’s optical flow-based deformable registration in our high-performance computing setting.  This method constructs and minimizes an energy function in which two terms control goodness-of-matching and elasticity of deformation.  The deformation model is a continuous 3D vector field generalization of a controlled continuity functional.  Discontinuities are allowed where there are occluding edges.  In this model, the deformation field is like an elastic membrance attached to one of the images, warping it to fit another image.  The membrane is allowed to tear in some places.  This is important since it allows for the possibility to relax the regularization constraint in the presence of anatomical abnormalities.

	Our first major application of the technique [Warfield] was to use nonlinear registration for template driven segmentation. Integration of deformable registration to clinical image-guided therapy setting was also carried out by Hata and Wells.  In Hata’s work, a method to measure spatial and temporal brain deformation from sequential intraoperative Magnetic Resonance Images (MRI) and its preliminary clinical results were reported (Hata 99).   

	Deformation is estimated with a volumetric optical flow measurement based on local intensity differences.  The computed deformation field was most satisfactory when the skin was first segmented and removed from the images prior to the optical flow computation.   The method demonstrated a good capability of intra-operative surface, subsurface and midline shift measurement.

We have performed a preliminary investigation to capture the change in the shape of the prostate. Two levels of deformation were observed: major shape change due to patients’ pose change in scanning and minor displacement due to the obturator placed in the rectum.

	In our preliminary application of the optical flow-based deformable registration to pre- and intra-operative prostate MRI, we found that the scale of deformation of the prostate is significantly larger than that of intra-operative brain deformation.  This is mostly due to that fact that the prostate stretches when a patient’s leg is placed on the foot pedal or stirrups which is placed approximately 1 m higher than the operative bed.  The patient, in supine position, put the legs down in pre-operative imaging (leg-down position), while put the leg up (leg-up position) during the surgery.   Our deformable registration algorithm is designed to deal with relatively small deformation which is approximately 10~20% of the FOV.  Therefore, a manual and interactive matching tool will be necessary to match the leg-up and leg-down images.  Using this tool, we can start the registration from better initial guess and thus can expect the more accurate matching in shorter time.







Figure: Deformable registration of pre-operative MRI (legs down) to intra-operative legs up.







Because of the close proximity and the anterior placement of the obturator relative to the prostate, the prostate also displaces posteriorly. The problem here lies in not knowing exactly how much the prostate displaces posteriorly and how the overall shape of the prostate is affected. We intend to build a deformation model that will provide some knowledge about this particular aspect of the deformation process.

        This deformation model is built based on physical principles associated with soft tissue deformation under external force. The external force, in our case, is the obturator. We model this external force as a point source located in the rectum having a displacement force that falls off at the rate of 1/r with r being the distance from the point source. Under the influence of this external force, the soft tissue (i.e. the prostate) deforms. However, as with all soft tissues, the prostate deforms with resistance. The more the prostate deforms, the more it resists the change. We model this resistance to change as an elastic restoring force. This phenomenon is built into our deformation model by introducing a force that is proportional to the amount of deformation the prostate has been already subjected to. Finally, we use a conservation of mass principle to confine our deformation of the prostate to those that preserve volume. We believe that by incorporating these three forces-- the obturator displacement force, the elastic restoring force, and the volume preserving force -- we can effectively capture elastic restoring force is built into our deformation model by introducing a force that is proportional to the external displacement force in magnitude but is exerted in the opposite direction. Our theory is, that by incorporating these three forces the obturator displacement force, the elastic restoring force, and the volume preserving force, we can effectively capture the deformation process associated with the use of the obturator during brachytherapy.









Figure Andy’s





Radiation dose planning

	We have developed a software system, in house, which provides radiation dose planning and dosimetric feed back during the MR guided brachytherapy procedure (Cormack RA, Kooy HM, Tempany CM, DíAmico AV A clinical method for real time dosimetric guidance of transperineal 1-125 prostate implant using IMR imaging In press  Int J Radiat Oncol Biol Phys and Patent pending...? ref)). It provides an interface with the MR images, anatomy demarcation, template registration, dose calculation engine for planning and evaluating the implant. Planning during the procedure allows for incorporation of the actual needle trajectories and final placement into the plan. After accounting for the observed needle trajectories of the planned needles, 14/15 (93%) of our patients required additional radioactive sources to achieve the desired coverage of the target volume. This planning system allows for dosimetric validation of the needle placement, which is not currently possible with US guided implants. 

	Currently this software program is run in parallel with the MR system. While this works well, it is not integrated and on-line with the actual MR images. While this does not effect the actual plan and feedback loops, it would be desirable to have the planning software integrated onto the same platform as the MR system. This would allow the incorporation of the 1.5 T images and the 0.5T images together, to be contoured and defined both by the radiologist and the automated segmentation program. 



Preliminary Intra-procedural dosimetry results

	 The current implementation of MR guided prostate brachytherapy provides an additional level of feedback about needle placement as compared to standard ultrasound guided approaches.  As each needle is placed under image guidance, its location is compared to the planned location.  Thus the clinician is provided with a geometric feedback about the location of the needles with respect to the ideal location as dictated by the preplan in a manner similar to the visual feedback of ultrasound guided implants. In practice the needles is often ~5-7 mm from the desired location, and even after repeated attempts of needle placement, the needle can be off by as much as ~2-5 mm.  With MR guidance, the trajectory of the needle is extracted from the MR images, and used to calculate the effect on the dose distribution assuming the sources are placed along the needles trajectory.  As each needle is placed, the cumulative effect of the needles actual placement is tracked and incorporated into the dose calculation.  Updated dose calculations provide an indication of where underdosed regions would occur based solely on needle trajectories.  Additional needles are then added to the plan to compensate for non-ideal needle placement. 

	While this provides an additional level of feedback to the clinician, is assumes the seeds are deposited in a straight line, and does not address the issue of local tissue deformation or migration of sources during deployment.  To move from image guided implementation of a treatment to imaged guided procedure assessment of the treatment, we would need to be able to localize the final location of the sources within the patient before the patient is moved from the treatment position.  As the interventional MR can provide a full 3D dataset on which the sources are visible, it may be possible to achieve this goal.
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Dose Volume Histogram Analyses

	We have achieved excellent intraprocedural dose distributions, as shown in a study of 43 patients. The percent of the CTV receiving the minimum peripheral dose using the real time MR guided approach in the 43 study patients was 89% - 100% (median 97%), based upon dosimetry in the operating room (in OR).  The range of D90ís for the CTV was from 156 Gray (98% prescription) to 200 Gray (125% prescription) with a median of 173 Gray.  Based on previously described estimate of 400 Gray for urethral tolerance, less than 5% of the urethral volume exceeded this dose across all patients (?REF # 9).   The range of D10ís for the prostatic urethra was from 124 Gray to 280 Gray with a median of 210 Gray.  The rectal tolerance has been suggested to be 100 Gray (9). Using the MR guided technique, 42% - 89% (median 70%) of the anterior rectal wall volume was within this dose limit in the 9 study patients.  The range of D10í s for the anterior rectal wall was 100 Gray to 210 Gray (median 135 Gray).It is important to note that all of these calculations are based on intraprocedural dosimetry, which may not be the same as the final dosimetry achieved after the removal of the obturator, and the interval swelling of the gland subsides.

	

Preliminary Post Brachytherapy monitoring and follow-up

	All of our patients return for follow-up examinations 4 weeks after implantation. Our current protocol for post implant imaging has been derived on the basis of the studies cited below. All men have both CT and MRI examinations, designed to identify the seeds, the prostate and adjacent structure. The MR protocol is as follows: using the pelvic multi-coil array, axial T1W SE, T2W FSE, axial 2D SPGR and dynamic IV Gadolinium enhanced FMSPGR axial images, at 4mm intervals, through the gland at 2-3 phases after injection of 20 ccís of Gadolinium are acquired. On the same day the patient has a non-contrast CT scan of the pelvis, with 2 mm slices through the gland obtained.

	We have found that the T2W images provide the maximal detail of the prostate gland boundaries and some detail of the sub-structure. The latter is not as clear as the pre-treatment T2W images, as the radiation treatment reduces the T2W contrast of the peripheral zone. We have also found that the radioactive seeds are seen on all sequences as focal areas of signal void. But on the post IV contrast images they are surrounded by a high signal ring of enhancement likely due to local edema around the seed. We have developed a method to fuse the T2W and post IV contrast images using the 3D Slicer (FIG Andreas).

	We have also performed volumetric studies on 48 patients comparing the pre-treatment and post treatment total gland volumes. We utilized a semi-automated computer based contouring method to calculate the volume in all glands. This method was previously validated by comparison with US and MR measured volumes, compared to gross pathology volumes (Rahmouni et al JCAT 1992). The computed contoured MR volume had the highest correlation coefficient with the surgical specimen.  The preliminary results in a the study of 48 patients by Schyrer et al shows that the gland initially swells after implantation, but returns to baseline volume by 39 days. Thus we have all men return for post implant imaging at 4 weeks after treatment, hoping to avoid the acute swelling effects.

 	We have recently completed a fusion study of 10 post-implant patients using a new volumetric fusion package which greatly reduces the user involvement in the registration of the CT sources onto the MR anatomy. The fusion, which is part of General ElectricÌs CT-Sim product line, is based on a mutual information algorithm as opposed to using the sources as fiducials for the fusion. After the initial software alignment, 3 verification points were specified.  After specifying these points, the pair wise error is calculated. The maximum error ranged from 0.6 mm to 2.0 mm and the RMS error ranged from 0.4 to 1.5 as shown in FUSION TABLE-RC. The fused image set provides a simple way for the user to be verify the fusion.  The agreement is seen from the fact that the low intensity regions on the MR are obscured by the high intensity signals from the CT image.  Interactive scrolling through all the images shows that the alignment is excellent throughout the implant.FUSION IMAGE  This also indicates the error that would be introduced if the bony anatomy were used for the fusion process.  Comparison of the CT high signal regions of the bones with the low intensity regions of the bones gives an indication of the magnitude of the possible prostate motion with respect to the bony anatomy that occurred in the interval between the CT and MR scan.  Alternatively, a poor fusion can be indicated by a similar shift between the CT sources and the black regions associated with the sources on an MR image. The end result of the process is shown in  FUSION IMAGE -which contains information from the MR scan, CT scan, source localization algorithm and the dose calculation program.  The image contains the MR anatomy necessary to accurately evaluate the implant.  It also contains the high intensity signal from the sources on CT provides confirmation of the fusion and indicates the location of the sources.  The crosses indicate the results of the source localization for confirmation against the high intensity CT signals.  

	This fusion approach provides the framework in which we can merge CT and MR data in a way that still allows us to extract the source locations.  However it is still insufficient to evaluate the dose to the peripheral zone of the prostate because the fusions are carried out with SPGR MR sequences, as opposed to the T2 weighted image sets needed for adequate definition of the apex, the gland borders and substructure.  By the time of post-implant dosimetry, the substructure of the gland is no longer visible on MR due to the radiation damage caused by the treatment so we are pursuing a technique for fusing the pre-implant diagnostic MR scans onto the post-implant MR scans currently used for the CT-MR fusion.    This present challenges because the fusion algorithm works best with T1 weighted images, but the PZ is best seen on T2 images.  Our experience shows that there is too much patient motion to be able to use successive scans to directly use the T2 weighted images in parallel with the T1. To address this issue we are we are evaluating the double echo imaging approach for acquiring the T1 and T2 images simultaneously, as described below in SA #1 & 2.    

	Outlying (peripheral) sources are used to validate the fusion.   A fused image set is generated that provides both soft tissue anatomy of MR and the high intensity signal of the sources from CT.  This data set is then passed to a semiautomatic seed localization program that will extract the source locations from the data set.  Once the sources have been localized, the dose distribution can be calculated with respect to the patient anatomy.  This approach has proven very useful. It is in routine use in evaluating our MR guided implants, and will be brought into routine use for all prostate implants at our center.
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Figure 2: Image fusion from T1- and T2-weigted MRIs of prostate:  (top left) Axial T2-w MRI; (top right) Gd-contrast enhanced T1-w MRI showing the seeds clearly as low signal intensity foci; (bottom left) fused image containing all the information from the two images.





 Acute Morbidity

	In the past all of our patients under went routine post-implant cystoscopy. We have available in the MRT operating room, an MR compatible rigid cystoscope. During this procedure, only one single seed has been found in the bladder lumen. No patients have reported voiding or ejaculating a seed to date, at the current time of follow up which is 9 - 24 months (median 14 months).  No evidence of trauma from catheter penetration into the bladder neck was noted at the time of cystoscopy. We now do not routinely perform cystoscopy on all patients.

	 Thirty-nine (91%) of the 43 patients voided spontaneously within 3 hours after discontinuation of the Foley catheter and 20 (46%) of 43 patients required oral (-1 blockers for post-implant urethritis for up to 3 weeks postoperatively.  Minor perineal skin irritation was noted in 12 (28%) of 43 patients, which resolved in all cases by the first postoperative month.  No patient reported gastrointestinal or sexual dysfunction during the first postoperative month.  Patients returned to work within 2 - 5 days (median 3 days) after the procedure.

	At this time 24 months since our first patient was treated, we do not have enough long term data to provide meaning full clinical follow-up results. The current preliminary clinical evaluations show that no patient has had any rectal bleeding, in comparion to 18% for US guided implants. All but 2 patients have serum PSA levels which continue to fall. Thus approx 2% of our patients have a PSA failure, to date. Thsi compares very favorably to RP and RT.

	Further follow up is needed to ascertain the impact that this improved dose localization system will have on cancer control and quality of life. All patients are being followed with clinical visits, serum PSA measurements and utilization of a questionnaire to evaluate their cancer control and quality of life. These endpoints are being monitored prospectively using actuarial based statistics and a validated quality of life instrument.(Talcott et al 10).







d.	Research Design and Methods





Study Design



	We propose to diagnose and treat prostate cancer in an MR-guided intraoperative system. We will use an interactive intraoperative image guidance which allows accurate localization of the target during prostate biopsy and cancer treatment. Specifically MRI guidance can optimize treatment approaches to maximize therapy to the target, and can avoid critical structures, thus decreasing the vulnerability of surrounding normal tissues. 	The 1.5T preoperative images provide the most detailed data set, these must be available at the most critical stages, in the operating room . These MR images facilitate the definition of the prostate gland, its margins and tumor, a prerequisite for the complete treatment dose reaching the target volume and monitoring of potential complications. We will translate our existing methods in image segmentation and registration to intergrating these 1.5T prostate MR images into the operative imaging display.. This will allow us to use all available image information at the most critical stages of diagnosis and treatemtn..

	The methods we propose, to achieve our three aims are described below. It is important to note that all three aims rely on similar technical developments and methods, specifically the segmentation and registration of prostate MR images. The patient populations for the 3 aims will consist of two groups (1) Men who are suspected to have prostate cancer, which has not been confirmed histologically and (2) Men with confirmed prostate cancer, who have been selected to undergo MR guided brachytherapy.





We will develop improved methods for following patients and determining the effect of treatment. We will develop a method to efficiently localize the radioactive seeds with respect to not just the prostate and neighboring sensitive structures, but the substructures: peripheral, transition and central zones, of the gland. Using this in conjunction with long-term follow-up, in the form of biochemical measurements and validated quality of life measurements, we will determine dose levels that are clinically relevant for local control and complications. We propose to design a CT/MR based method to perform post implant dosimetry and information about the micro-dosimetry of each and every radiaoactive seed implanted into the gland. We are interested in defining the exact location of each seed and its resultant radiation dose to the target volume, the rectum, urethra and neuro-vascular bundles.



METHODS



Specific aim # 1. Develop and evaluate an MR-guided prostate biopsy system.



1.1) We will perform the standard random sextant sampling of the gland, taking bilateral apical, mid-gland and basal specimens.

1.2) We will obtain targeted biopsies of any and all MR defined targets or suspicious area of the gland, in either the peripheral zone or elsewhere in the gland.

We will implement a biopsy program based on the preliminary experience from the brachytherapy program. This program has demonstrated that it is feasible to places needles into specific targets in the prostate under MR guidance.



Patient population

Our patients will be from one for the following 2 groups. In both groups an abnormal PSA will be a level above 4 ng/ml (Hybritech method).

Group 1) Men with abnormal PSA levels and who have had prior abdomino-pelvic resection (APR) of the rectum, who cannot undergo a TRUS guided biopsy.

Group 2) Men who have abnormal and rising PSA, and have had repeatedly (more than 1) negative biopsies. Men will be eligible after they have had more than one set of negative biopsies. 



Eligibility Criteria

All patients will have an MR exam with either the multi-coil phased array alone or a multi-coil array and endorectal coil, at 1.5T. These images will provide planning information for the biopsy both for target definition and depiction of the peripheral zone. These images will be segmented in the methods described below- with use of the binary flow segmentation algorithm.



Exclusion criteria

1.   Standard exclusion criteria for MRI- e.g. patients with cardiac pacemakers.

2.   Significant cardiac ischemia.  All men will be evaluated by the Anesthesia service, as they do of all men undergoing MR guided brachytherapy, for the induction of anesthesia in an MR environment. Men with significant cardiac ischemia will be excluded as they cannot be adequately monitored in the intraoperative MRI unit.



Biopsy methods

We will perform the prostate biopsies using the following protocol in all patients.

All patients will have the initial MR imaging, after which the procedure will be discussed with them, by Dr. Tempany and informed consent will be obtained, under the biopsy program’s IRB.

	On the day of the procedure the patient will come to the intraoperative MRI suite and be prepared for the biopsies. They will be positioned, as for the brachyhtherapy in the lithotomy position, with the side entry position of the table. The patients will be under general or spinal anesthesia, as selected by the anesthesiologist. The goal being to anesthetize the patient from pain and discomfort as well as immobilize his pelvis and provide a fixed target which will not move during the procedure. 



MR guided sextant biopsies of the prostate gland

 	We will perform random sextant sampling of the gland under MR guidance in a way similar to TRUS. That is we will target the six locations on the gland. We will utilize 18G biopsy guns to take the tissue samples, this is the same size as is used in routine clinical practice. We currently have several MR compatible 18G biopsy needles available. We will sample the peripheral zone at the apex, base and mid gland bilaterally. All specimens will be labeled, sent to pathology and handled in the standard clinical fashion. 

Biopsy localization: Each sextant of the gland can be targeted, as they are under ultrasound guidance. We will image in the coronal plane and will divide the gland into 3- apex, base and mid-gland. We will be able to increase the likelihood of the random samples being taken from the peripheral zone based primarily on the fact we have real-time MR image guidance. Also more importantly we will have the use of the 3D-SLICER software which will allow for T2W images, displayed in the bore, for visualization of the PZ/ CG.  We will sample the gland using a transperineal approach not the transrectal approach, as is used in the TRUS guided biopsy of the prostate. Thus the needles will enter the posterior gland and travel in a vertical trajectory through the PZ, increasing the probability that all samples will be taken from the PZ. The real time imaging with the FGR sequences, the Slicer and the T2W images will be used to confirm that the samples are being taken from the peripheral zone.



Targeted MR guided biopsies of the prostate gland

	The initial pre- biopsy MRI will be analyzed by the radiologist for the presence of any focal lesion (s). A focal lesion is defined as any focal area of low signal intensity in the peripheral zone. Any and all lesions will be identified, measured and localized in the axial plane. As we have shown in our preliminary results we can place a needle under MR guidance in a specific target. However, now the target will need to be re-defined for a diagnostic biopsy, not the implantation of seeds. We proposed to do this in a series of steps: 



Step 1) Initially we will utilize the 1.5T images, as is the current practice, as guides to the biopsy. This simply having the images available and having the radiologist mentally overlay the 1.5T data into the 0.5T data. The biopsy needles will be placed into the gland under MR guidance. The real time imaging sequences are gradient echo images (FGR), which are rapidly acquired, in less than 20 seconds. These clearly depict the needle (FIG) and they can be acquired in the axial, sagittal and coronal planes.



Step 2) An axial T2W sequence acquired in the 0.5T system will be incorporated into the Slicer. This will provide virtual guidance into the peripheral zone of the prostate. We will place the needles using the two guidance methods, first the FGR sequences described in 1 above along with the Slicer images. This will allow for the T2W information regarding the position of the peripheral zone to be directly available.



Step 3) The re-sampling of T2W images, controlled by an optical tracking hand piece (Flashpoint), will be used to find an optical targeting or virtual path for the biopsy needle. After localization of the trajectory, actual FGR imaging will be performed to confirm that the target lesion is in the path of the needle. During actual needle insertion, we can switch the in room display from the FGR images to the previous T2W images to visualize both the needle and the target.   In all the applications we will use the 3D Slicer as a development platform. The 3D Slicer has been developed to be a clinically useful tool in neuro-surgery already. We plan to put most of our efforts into technology transfer, not core development. But initially we will have to adapt the 3D Slicer for the biopsy guidance.



Step 4) We will develop the ability to integrate 1.5T images into the 0.5T image display system and into the Slicer program to allow for improved target definition.  This will utilize the segmentation methods outline below (Specific aim 2.1). 



Biopsy Data analysis

	The pathological results for all biopsy specimens will be recorded and full analysis will include documentation of the pathology- presence or absence of tumor, if a cancer is diagnosed each specimensÌ Gleason score will be recorded. There will be several results available initially based upon the actual procedure itself- we will be able to determine the success of an MR guided biopsy method in obtaining prostate specimens, the number of needle passes, number of specimens obtained and the ability to hit the target. By evaluating the pathology results we will be able to directly compare the two biopsy methods, comparing diagnostic yield in the sextant and targeted groups. We will determine the incremental value, if any, of performing targeted biopsies under MR guidance.   



Specific aim # 2. Apply advanced MR-guidance methods to an MR guided prostate cancer treatment system



2.1) Segmentation and registration of T1 and T2W images at 1.5T into the 0.5T images, by mapping and deformation of the images. Integration of the existing MR brachytherapy planning software into the interactive imaging system  (3D-Slicer)

2.2) To develop an automated radioactive source localization method, for treatment control based on the 3D MRI data acquired in the operating room after seed implantation. Integration of pre-operative images into the intra-operative image data set to provide navigation, control and planning data. 



2.1) Segmentation and registration

We will develop an image segmentation and registration program, to allow integration of pre-operative endorectal coil images of the prostate obtained at 1.5 Tesla onto the images acquired in the operating room, in the open interventional 0.5 Tesla system to allow for identification and localization of the target and adjacent structures during treatment.



Segmentation

With the aim of integrating pre-operative images into the intra-operative image data set to provide navigation, control and planning data, we will endeavor to develop an automated MRI segmentation program for analysis of the boundary of the prostate gland, and its substructure. This approach, which is based on our preliminary investigations, will utilize the combined data from the pre and intra-procedural MR images and allow the treatment plan to be based upon the full data set.  

The radioactive seeds will subsequently be identified in their respective locations to allow for comparison with the post-implant dosimetry.

In the following paragraphs we outline our proposed approach for information integration that can simultaneously overcome the two problems mentioned in the preliminary results above. These two fundamental problems are: (1) In both 1.5T and 0.5T MR images, the prostate gland is textured with weak or diffused boundaries making the segmentation process challenging. (2) It is difficult to capture the non-rigid deformation of the prostate as the patient moves from a supine position to a lithotomy position.



The following four steps outline our proposed approach to these two problems:

Step 1) Segment the PZ and the CZ/TZ in the 1.5T pre-operative PD/T2 weighted MR images in a robust fashion. This segmentation will also yield the outline of the prostate (i.e. the prostate capsule).

Step 2) Deform the segmenting curves in accordance to how the prostate deforms as it moves from the supine to the lithotomy position, and how it moves under the influence of the obturator used during brachytherapy. The space of deformation will be limited to just the ones that preserves volume and the ones that obeys elastic restoring forces. Using the method described in the preliminary results section we will attempt to resolve the deformation challenge.

Step 3) Segment the prostate capsule in the 0.5T intra-operative MR images in a robust fashion.

Step 4) Apply rigid registration to match the capsule of the 1.5T pre-operative MR images to the capsule of the 0.5T intra-operative MR images. A cost functional using similarity measures such as mutual information [Andy-3] can be designed to capture the essence of a good alignment. By minimizing the cost functional, the two capsules will be aligned. Alternatively we may utilize an approach based on volume of overlap.  Both of these methods have been used extensively in our laboratory in other applications [CITE MI PAPERS, AND SIMON'S FAST REGISTRATION].

	  Once the pre- and intra-operative capsule segmentations are aligned, the PZ and the CZ/TZ segmentation of the 1.5T MR images obtained from task 1 above can be overlaid on top of the 0.5T MR images to provide the information needed for brachytherapy, namely, the differentiation of PZ and CZ/TZ in the procedural room.

Binary Flows

The binary flow segmentation algorithm (described in SEGMENTATION APPENDIX below) [Andy-1, Andy-2] can be employed to perform steps 1 and 3 above, provided that preprocessing is done to transform the MR gray-scale images to binary images. Curve evolution deformation techniques can be used to achieve the deformation necessary to accomplish step 2.  Finally, gradient descent methods can be applied to minimize the cost functional mentioned in step 4.

	The approach outlined above for information integration may change somewhat over the course of the project. At this point, we have tested the feasibility of using the binary flow algorithm for segmenting the PZ and the CZ/TZ in the 1.5T MR images.  Briefly, we  used the Binary Flow Curve Evolution approach [Andy-1] and [Andy-2] to first segment the entire prostate organ and then use this segmentation to mask out the rest of the image in order to segment the CZ/TZ within the prostate tissue.  Additional detail appears in the appendix.





Registration

Registration of these images into the 0.5T images, by mapping and deformation of the images. In the preliminary result section, we described our broad experience with rigid and deformable registration in neurosurgery. Here we will illustrate our approach to the prostate gland.

	Initially, a diagnostic staging MR scan is obtained with an endo-rectal coil which provides excellent signal to noise characteristics in the region of the prostate. The important structures to be treated, or spared, are segmented using the method described above. These include the central and peripheral parts of the prostate, the urethra and the anterior wall of the rectum. After this segmentation process the treatment is designed and the dosimetry evaluated, and refined as necessary. 

	The interventional imager (3D-SLICER) will be used to obtain an initial volumetric scan of the patient's prostate. This volume scan will be performed once, requiring some minutes to obtain. The resulting volume of data will be registered to a previously acquired 1.5T T2W image sequence.

	We will employ the current mutual information approach for rigid registration of the prostate MR data, but will improve the user interface available for routine registration (currently a shell script). This interface will allow easy identification of the data to be registered, as well as automatic setting of nominal operating parameters. It will also provide more automation for determining the initial spatial relationship among the data sets.   We plan to investigate the circumstances under which MI rigid registration fails. This seems to be typically caused by violations of the rigidity constraint in the data, but should be more fully characterized. 

	After the rigid registration, we will endeavor to track deformation of the prostate via the deformable re-registration of the intraoperative images generated by the interventional imager during the procedure. The deformable registration will employ the optical flow-based registration developed and implemented by Hata and WarfieLd of our group, which was described in the preliminary study section of this proposal.  In our current implementation, the algorithm only takes a few minutes on a parallel machine with 20 Sun Ultra 10 CPUs.  The assembly and solving of the linear matrix system has been parallelized to make the most of our high-performance computers.

	We employ two separate deformation models to capture the non-rigid deformation of the prostate: optical flow-based deformable registration to capture the large scale deformation and a method for capturing the change in the shape of the prostate as the obturator is placed.

	The first registration will recover prostate stretch caused by a patient’s legs placed on the foot pedal approximately 1 m higher than the operative bed.  The patient, in supine position, put the legs down in pre-operative imaging (leg-down position), while put the leg up (leg-up position) during the surgery.   Our deformable registration algorithm developed for brain is designed to deal with relatively small deformation which is approximately 10~20% of the FOV.  Therefore, a manual and interactive matching tool will be necessary to match the leg-up and leg-down images.  Using this tool, we can start the registration from better initial guess and thus can expect the more accurate matching in shorter time.

        The second deformation model is intended to capture the deformation of the prostate as the patient's body shifts in position. Preliminary studies have shown that as the body moves from the supine position to the lithotomy position, the prostate has the tendency to shorten longitudinally with the upper half of the prostate tilting slightly forward pivoting about the center of the organ.  We will use this information to built our deformation model. However, for this model to be effective, we need to quantify just how much the prostate shortens longitudinally and how many degrees the prostate tilts forward as the position of the patient changes.  We will construct a database of this information in order to provide us with good estimates.

	The limitation of the current deformable registration is the ability to simulate biomechanics of the prostate.  The accuracy of the deformation depends significantly on the reality of the biomechanical model imposed on the algorithm.   In case the proposed method above fails, we will try an alternative approach. This approach will study the biomechanics of the prostate in the application of image-guided brachytherapy by tracking the seed location after implantation. The simplest scenario will involve the manual identification of mutually visible seeds in MR and CT, and the computation of a non-rigid transformation relating the two data sets. Once the transformation is known, the superior detection of seeds in CT may be transferred into MRI for evaluation of their location with respect to the soft tissue structures. Having access to corresponding sets of seed coordinates in the two data sets will allow the evaluation of various deformation models, and direct quantification of structure shifts with respect to structures such as the pelvis (by way of segmenting the pelvis in both modalities and performing rigid registration). By this means we will be able to identify the simplest deformation model that is consistent with the application for later use in more automatic registration methods. 



2.2) Automated source localization

	In order to provide quality assurance of the implant at the time of the procedure, we will develop an automated source localization technique for finding the sources from an interoperative  MR 3D data set acquired after all sources have been implanted as a final evaluation of the treatment.    Our efforts will proceed in two phases: analysis of postimplant images and then analysis of interoperative images.  



Phase 1: Our analysis of postimplant images will build upon our recent experience with both automated seeds localization from CT scans and CT-MR fusion in the postimplant setting.  CT has been shown to be excellent at localizing sources (RAC REF 1: #9 Roy,11 Brinkmann) We have developed an algorithm that can extract the locations of the radioactive sources from a series of images by analyzing the images for clusters of voxels which have properties unique to the radioactive sources.  The sources are easily visualized, and the results of the algorithm are easily checked by comparison with the scout view which provides an independent data set for verification purposes. We also have experience using the image fusion software  (part of the GE CTSim) in the post implant setting.  We have developed pulse sequences for 1.5T diagnostic MR  images that have good signal to noise yet are thin enough for accurate fusion with CT. These efforts have been merged in such a way that the source locations derived from CT data are mapped into the MR coordinate system as shown in (fusion figure).  These registered CT-MR data sets will provide the starting point for developing an automated source localizer for MR images.     

The registered data sets provide the input for analysis of the MR images to determine the characteristics of the radioactive sources as seen by MR.  The registered CT provides the 3D coordinates of the sources in the coordinate system of the MR scan.  The voxels in the vicinity of these points can be studied to determine if there is a unifying property that can be used to extract the source locations directly from MR.  Previous studies at our institution that did not have the registered data sets available, indicate that a user driven analysis can find  ~90% of the sources known to be in the patient.  We believe that the registered data set should allow an automated system to be trained to extract source locations directly from the postimplant MR scans.   The results of this study would be of immediate interest to the postimplant quality assurance of ultrasound guided implants.



Phase 2: With our experience extracting source locations from the postimplant scans performed on diagnostic scanners we will migrate the algorithm to the 0.5 T scans of the interoperative scanner available at the end of the procedure. To replace the CT data to localize the regions of study, we will implement a semiautomated system for localizing sources based on input from a radiologist. The radiologist is faced with a mass of data representing the signals from 50-100 sources, and having the individual sources produce signals on many  (3 to 5) images. The semi-automated approach is a generalization of the approach used in the analysis of CT scans. The algorithm studies the location of all signals from all images that are deemed to be from any source, and eliminates locations that are thought to be multiple signals from a single source based on user tunable parameters.  This approach is effective for CT scans (RC REF 1 #9), but required significant user interaction.   In the event that we cannot develop a fully automated system for extracting the source locations from the MR, we will incorporate the semiautomatic algorithm into the integrated software control for the MR guided procedures.  The goal in this event would be to streamline the user interaction to the point that the task could be accomplished in a time frame acceptable for use during the procedure.   



We will produce a method of localizing the radioactive sources within the patient before the patient is removed from the interventional MR unit. The dose distributions to the structures of interest can then be calculated, and the coverage assessed at a point in time that allows additional sources to be placed to fill in underdosed regions.  This represents our effort to move from an image guided procedure followed by quality assurance some time after the procedure to providing image guided quality assurance at the end of the procedure when adjustments can still be implemented.







Specific aim 3.  Monitoring and measurement of treatment effects. 



3.1) We will register the pre and post treatment MRI images to CT to define the seed locations and the relationship to the prostate gland, the peripheral zone, the urethra and rectum.

3.2) We will define and validate a definition of PSA failure following MR guided brachytherapy, whose target volume is the PZ utilizing the free and total PSA. We will develop an algorithm to correlate the gland volumes with the serum PSA and free PSA ratios and correlate to the patientís symptoms and quality of life outcomes.	



Summary:

We will develop improved methods for following patients and determining the effect of treatment. We will develop a method to efficiently localize the radioactive seeds with respect to not just the prostate and neighboring sensitive structures, but the substructures: peripheral, transition and central zones, of the gland. Using this in conjunction with long-term follow-up, in the form of biochemical measurements and validated quality of life measurements, we will determine dose levels that are clinically relevant for local control and complications. We propose to design a CT/MR based method to perform post implant dosimetry and information about the micro-dosimetry of each and every radiaoactive seed implanted into the gland. We are interested in defining the exact location of each seed and its resultant radiation dose to the target volume, the rectum, urethra and neuro-vascular bundles.

	We will correlate these results with the serum PSA levels, at repeated intervals after the procedure. These will also be correlated with the clinical symptoms, such as urinary, bowel and sexual dysfunction. These latter symptoms will be recorded in two ways, firstly by self report at visits to the radiation oncology and urological clinics using the standard International Prostate symptom score (IPSS) and American Urological association (AUA) scores to evaluate all urinary symptoms and secondly by means of a prospectively validated QOL anonymous questionnaire completed by the patient at home.



3. 1   Post-implant dosimetry 

	Because the clinical and biological measures of outcome present from 2 to 10 years after treatment, a quicker method is needed to provide feedback to the clinician about the quality of the implants being performed.To assess the quality of an implant, the dose deposited by the radioactive seeds in the anatomic structures of interest must be evaluated at a time after any swelling of the prostate gland has stopped, and the seeds are in their final position.  The evaluation requires us to be able to find the seeds within the patient and localize them with respect to the anatomic structures of interest so that dose distribution throughout each structure can be calculated.

	  Dose distributions are necessary to answer the short term question of quality assurance: ìIs the implant process achieving the distribution planned in the procedure?î and address long term questions of efficacy: ìWhat is an adequate dose for control of the tumor and what are the acceptable doses to normal adjacent structures?î.   Thus the goal of post-implant dosimetry for MR guided implants is to determine the location of all radioactive seeds with respect to sensitive structures and substructure of the prostate gland, especially the peripheral zone of the prostate, and provide the dose distributions necessary to provide quality management and evaluate what dose levels are of clinical importance. 

	To develop a technique to evaluate the quality of MR guided brachytherapy implants we will integrate CT and MRI images for post-implant dosimetry.  A fusion and integration of the information acquired on each individual MRI sequence and the CT scan into one dataset would be advantageous in performing post-implant dosimetry, as MRI is the only imaging method which identifies the boundaries of the prostate and CT is currently the best technique to define the location of the radioactive seeds.

	 Post implant evaluation of brachytherapy requires both accurate seed localization and accurate target definition.  For most prostate implants, the entire gland is the target, and in this case, a fusion between the follow-up T1/PDW MR and follow-up CT can be used to evaluate the implant though the definition of prostate apex is poor.  However for MR guided implants, which targets the peripheral zone (PZ), more sophisticated target definition is necessary.  For adequate definition of the prostate capsule and PZ, both T1/PD and T2 images are required.  Unfortunately the radiation delivered by the seeds destroys the distinction between peripheral and central zone as visualized on MR.  To solve the problem, we will use the post-implant T1W Gadolinium enhanced MR images as the reference image set.  The CT/MR fusion referenced in our preliminary studies will provide dosimetry with respect to T1W (total gland) anatomy which would be of interest to the  quality assurance of traditional implants.  To define the substructure, we will also fuse the pre-implant PDW and T2W images onto the post-implant MR images.  Pre-implant PDW to post-implant T1W image fusion, which both define the outer capsule well, will provide an indication that the radiation induced edema has resolved, and the prostate has returned to its original size.  With this assurance, we will proceed with fusing the T2W pre-implant images onto the post-implant T1W images. This will demarcate the substructure of the prostate for DVH analysis of the outcome of the implant.  Thus we have a tool for implant analysis based on four image sets. 

	An application of the registration methods described above concerns the registration of CT and MRI of the prostate for treatment follow-up. In this case, while MRI provides good visualization of the soft tissues, CT provides the best contrast of the seeds. In view of this, it seems that fusing the MR and CT will allow for the best retroactive evaluation of the treatment. 

	Thus, there is a need to register MR and CT for evaluation of seed placement. However, the seeds also may provide a mechanism for registration, as well as a probe for studying the mechanics of the prostate in the application of image-guided brachytherapy. The simplest scenario will involve the manual identification of mutually visible seeds in MR and CT, and the computation of a non-rigid transformation relating the two data sets. Once the transformation is known, the superior detection of seeds in CT may be transferred into MRI for evaluation of their location with respect to the soft tissue structures. Having access to corresponding sets of seed coordinates in the two data sets will allow the evaluation of various deformation models, and direct quantification of structure shifts with respect to structures such as the pelvis (by way of segmenting the pelvis in both modalities and performing rigid registration). By this means we will be able to identify the simplest deformation model that is consistent with the application for later use in more automatic registration methods, perhaps using MI or related metrics [Leventon98]. 



3.2 Measurement of Early Treatment Effects



	The initial endpoint of cancer control will be monitored using the serum PSA level, which has recently been shown to be a surrogate for, cause specific survival following RP. A PSA nadir following RT of less than 0.5 ng/ml has been suggested to be associated with a > 90% long term (7 year) freedom from PSA failure rate.11  In our patient population; however, the PSA nadir necessary to suggest long term control will be > 0.5 ng/ml because the target volume in our patients is the prostate peripheral zone.  Therefore, patients with moderate benign prostatic hyperplasia may have PSA producing benign epithelial tissue remaining after treatment.  

	In order to identify the contribution from the benign prostate gland to the total PSA, free PSA levels will also be obtained during follow up.  Free PSA levels have been shown to be useful in delineating benign prostatic hyperplasia from adenocarcinoma of the prostate for patients whose total PSA is between 4.0-10 ng/ml in the pre-treatment setting.(12)  In addition, an absolute rise in PSA of 0.75 ng/ml/year has also been shown to be consistent with BPH and not adenocarcinoma in previously untreated patients.13  

	Given that the target volume in our MR guided prostate brachytherapy population is the prostate peripheral zone, patients with BPH may have residual benign prostatic epithelial cells that can contribute to the total serum PSA and this value could increase over time.  Therefore, the traditional definitions of PSA failure will not be applicable to this patient population.  The free PSA however may provide assistance in determining whether absolute PSA nadirs of > 0.5 ng/ml or PSA rises of < 0.75 ng/ml/year represent residual disease or pre-existing BPH.  

	For the purpose of assessing our cancer control outcome in this patient group, free and total PSA will be monitored at every 3 months for 2 years and then every 6 months for an additional 3 years then every year thereafter.  Patients will be considered a failure when 3 consecutive rising PSA’s are obtained after a nadir value as per the American Society of Therapeutic Radiation Oncology (ASTRO) definition with the time of PSA failure back dated to the time of the first rise.14  Men who have BPH as determined by their baseline endorectal coil MRI will be considered to have sustained PSA failure when the ASTRO definition holds and in addition the absolute rise in PSA exceeds 0.75 ng/ml/year and the free PSA levels are decreasing. 

	All of the patients will receive follow-up evaluations in the radiation oncology and urological clinics. This will provide us with the reported symptoms and the IPSS and AUA scores for urinary function. This data will be collected and recorded into our data base, on site by our data manager. The analyses will be done as described below by our biostatistician. We will also administer the SF36/12 function and prostate quality of life questionaires, the latter will assess sexual, urinary, and gastrointestinal function at study entry and 3 months, 1 year, 2 years, and 3 years following the completion of therapy.







Statistical Methods



Specific Aim 1: MR guided prostate biopsy system.



Statistical Hypothesis (a):  It is feasible to perform MR-guided biopsies in the prostate.

	In this feasibility study we will show if it is possible to perfom MR guided prostate biopsies in our two patient groups. Since it is a feasibility study, we are first interested in analyzing the number of patients who encounter biopsy failures.  We define biopsy failure for each patient as more than 1 of the 6 samples of the sextant biopsy miss sampling prostate tissues.  We expect the biopsy failure rate to be minimal.  A 90% confidence interval of the success rate will be constructed based on the analysis of proportions. However, we will compare and analyze patient characteristics, MR appearance, and biopsy techniques if we observe such failures, using a logistic regression analysis.  



Statistical Hypothesis (b): There is an added value in performing MR defined targeted biopsies in addition to random sextant biopsies guided by MR.

	We will construct a 2-by-2 contingency table of biopsy positive results by sextant and by targeted biopsy.  The agreement between these two methods will be assessed using a kappa statistic.  The proportions of sextant biopsy positives among the targeted biopsy positive patients will be reported, and vise versa.  Since surgical gold standard is not evaluated, biopsy accuracy measures, such as the sensitivity, specificity, and predictive values are not well defined.  Thus, we propose analyzing the agreement between the two MR guided biopsy methods instead. 

	A regression analysis will be conducted to assess the correlation between the proportions of the positive samples in either of the biopsies and the Gleason score.  Patient characteristics will also be included in the multivariate regression analysis to assess their relationship with the Gleason scores.   The correlation coefficient for each of the biopsy techniques will be compared to see which biopsy methods, or the combination of the two, are best correlated with the Gleason scores given by pathology.



Specific Aim 2:   MR guided prostate cancer treatment system.



Statistical Hypothesis (a): The technical components in the automated MR segmentation algorithm will be evaluated.  

	We will develop an algorithm to allow two ways of selecting the appropriate segmentation parameters: (1) data driven, (2) prior information.  The prior information includes the shape (e.g., convexity and compactness) and the degree of smoothing, etc. The summary statistics, such as the mean and variance, in the data-driven method will be reported.  We will also assume different variance structures due to patient-to-patient and baseline individual patient characteristics.  To test the technical components, we will monitor the rate of convergence, as well as tradeoff between speed and accuracy.  



Statistical Hypothesis (b): The goodness-of-fit for the automated segmentation, compared with the underlying contour, will be evaluated. 

	For each unsegmented image set, we will conduct the following experiment where four experienced radiologists (labeled A, B, C, and D) will independently, manually segment the regions of interest, which are the gland boundary and the peripheral zone.  At the end of the evaluation, we will provide the radiologist with the automatically segmented images, along with a questionnaire asking for an ordinal rating representing the overall impression of the accuracy of the segmentation method. So for each case we will have the manual and automated segmentation, along with a subjective evaluation of the correlation between the 2 sets.  We will also consider assessing the concensus among the radiologists and the automated segmentation methods.

	We will first compare volumes obtained by radiologists and by the automated algorithm, using a two-way ANOVA. We will then assess and report the agreement among the radiologists’ segmentation results using the intra-class correlation coefficient for continuous measurements [Zou et al., 1999].  Furthermore, radiologists’ impression on the automated segmentation method will be evaluated using the kappa statistic.  

	Finally, a goodness-of-fit measure will be assessed both for the total volume and the area per slice.  This goodness-of-fit measure is defined as the standardized percent-difference in volume or maximum deviation between the automated and gold standard manual segmentations by the radiologists.  The results will also be stratified and compared based on patient characteristics such as the size and the technical difficulty of the region to be segmented.  We will then assess if there are any systematic bias of our method, and modify our technical components accordingly.   



Statistical Hypothesis (c): The use of the Slicer improves the accuracy and efficiency of navigation and planning for brachytherapy.

	Patients will be randomized to either of the two navigation methods: with the use of the Slicer and without.  We will first use one-way ANOVA to determine the potentially confounding role of subject characteristics such as the size of the gland, the visibility of tissue structures, and age.  We will adjust for the confounding variables in the subsequent analyses.  We will also allow for the initial learning curve effect by performing the first 10 cases all with the Slicer to ensure that the users are comfortable with its role and allow for a more experienced assessment of its value.

	Objective measurements, such as the time during which localization and image-guidance occur, are crucial.  Thus, we will concentrate with our time measurements.  We will record the time spent on imaging, the frequency of Slicer use, and the time spent on the application of the Slicer.  We will use compare various time measures (see the Appendix), average attempts of targeting, and the average lost of immediate post-operative dose coverage due to needle bending, using a two-sample t-test.  In the comparisons, the measurement unit may be transformed, for example, log transformed time, and a logit transformation, defined as logit(c)=log(c)/(1-c), of the dose coverage because the distribution of time is typically positively skewed, which the dose coverage is confined in (0, 100%).    In addition, questionnaires will be given to the computer operator and the operating radiologists, to assess the added value of using the Slicer (see the questionnaire in the Appendix) 



Statistical Hypothesis (d): The automated radioactive source localization program and registration to be developed gives accurate localization.

	We will define markers in each patients’ set of images for registration purposes.  The markers include (1) seeds implanted with their coordinates recorded on CT, (2) anatomic markers identified on MR.  We will test the transformation (nonlinear and non-rigid) in image registration based on these markers using methods introduced by Fitzpatrick and colleagues [West, 1997].  The agreement between the marker features during pre and intra operative procedures will be analyzed and summarized including, for example, the coordinate changes, and change of number of voxels.  

 	In addition we propose assessing the change of proportion of seeds located in each of the quadrants of the prostate using the analysis of counts and proportions.

To analyze intra- and post-operative dosimetry, we will evaluate intra-operative maximum dose to urethra and the distance of sources to urethra after every implant.  Immediately post-operative measurement of the dose coverage and location of coverage will be recorded.  Each patient’s “intermediate coverage” measures are taken.  However, insufficient dose coverage will immediately be compensated by the subsequent extra seed implanted, the latter being defined as the “post-implant dose coverage”. 

  	After the adjustment of the baseline patient characteristics such as age and volume of the gland, a regression analysis will be conducted to assess the immediate post-operative dose coverage and the number of compensating doses administered to each gland, correlated with the intra-operative guidance methods.



Specific Aim 3: MR guided treatment follow-up. Monitoring and measurement of treatment effect.



Statistical Hypothesis (a): The fusion between MR and CT will provide an effective tool to define the prostate, its boundary and the Peripheral Zone on the post treatment MR images.

   	The agreement between the actual and the target locations of the seeds will ideally be compared using an intraclass correlation coefficient if the CT and MR fusion method is effective. However, in practice it can be difficult to determine the precise coordinates of the seeds at 4 to 6 weeks.  Instead, we propose developing the two experiments on the locations of seeds.  First, the proportion of seeds located in each defined quadrant will be compared using a two-sample z-test of proportions.  Second, a scoring system will be developed to evaluate the effectiveness of the fusion.  For a number of selected seeds (at the peripheral zone, particularly), we will ask 2 experienced radiologists in MR and CT to assess the agreement between the intended and actual locations of the seeds by a five-point rating method with and without the MR and CT fusion.  The rating data will be compare using the analysis of contingency table.

�



Statistical Hypothesis (b): The proposed MR-guided brachy therapy will yield improved outcomes measures than the conventional ultrasound guided therapy.

	We will adjust the confounding effect of any of the baseline characteristics, such as age, size of the gland, the ideal source location for implantation provided by the dosimetry algorithm in the following analyses.  Sequential comparisons of the treatment effects will be conducted between MR-guided brachy therapy and other conventional intervention methods.    

	First, we will analyze the dose coverage between 4 and 6 weeks.  We will perform stratified analyses by the guidance system and by patient characteristics.  A regression analysis will be used to assess the relationship between them.  A one-way ANOVA will be used to compare the mean difference of dose coverage among them.  Finally, we will also assess the relationship between the operative dose coverage and the target dose coverage, and the immediate postoperative dose coverage.

	Second, we will analyze the serum PSA level and the % free-PSA at 18 months. For the purposes of our patient population we need to modify the definition of prostate-specific antigen failure based on the guideline given by the American Society of Therapeutic Radiation and Oncology 1996 consensus statement [REF: DÌAmico et al, JAMA, 1998].  This is because we are treating the peripheral gland not the entire gland, as others do. The following decision tree in the following Figure gives our definition based on PSA and free-PSA. We will compare PSA outcomes using a Cox regression survival analysis and the log-rank test.  Stratified analysis will also be conducted based a biopsy score, risk groups, and dosimetry.  We will also perform stratified analysis based on with and without the use of the Slicer, and MR and CT fusion.



�

Figure: Prostate-specific antigen failure determined by PSA and free-PSA.



	Finally, we will compare the quality-of-life outcomes results at 2-years using the standard SF36 short-form questionnaire and the prostate-specific questionnaire developed by Dr. Talcott, a consultant to this program [Talcott 1997].  Four broad categories of self-reported symptom scales are of our interest: (1) erectile function, (2) urinary obstruction, (3) urinary incontinence, and (4) bowel (rectal) irritation.  We will compare these outcome measures using a one-way ANOVA, as well as the analysis of counts and proportions, for MR guided therapy against the US guided methods and our own original methods. This requires (1) retrospective data source from an US-guided Brachy program at the Dana Farber Cancer Institute, (2) retrospective data source from the MR-guided cases, (3) prospective data sources from the CT-MR-fused-guided cases.



Statistical Power and Sample Size Calculations: 



	For all sample size calculations Type I error (significance level) is fixed at 5%, and the minimal desired statistical power (1-Type II error) is 85%.   

	MR-guided biopsy feasibility study.  The calculations are based on Hypothesis (a) of Specific Aim 1.  We analyze the underlying biopsy failure rate, as defined before, using a one-sided test of exact binomial proportion.   Type I error is fixed at 5%.  To detect less than 20% of patient population who had biopsy failures in the alternative hypothesis, the power for n=14 patients are calculated at 87%, for the underlying failure rate of 1%.  Further, the biopsy trial will be terminated if 5 of the first 10 patients had biopsy failures (50%), with a 90% confidence interval of (.19, .81).   

	MR-guided biopsy study, given satisfactory feasibility results.  The calculations are based on Hypothesis (b) of Specific Aim 1.    We calculate the sample size and statistical power for detecting a 15% difference in the proportion of patients with sextant biopsy positive rate among those with positive targeted biopsies, using a two-sided z-test of proportion.  Based on the published literature, we assume that this proportion is at least 60% as the sensitivity of TRUS sextant biopsies [REF: Terris, 1999].   Type I error is fixed at 5%. The power for n=91 patients is calculated at 87%.   

	Reader agreement study on segmentation.  The calculations are based on Hypothesis (a) of Specific Aim 2.   We will detect a 10% mean standardized difference between the volumes by the automated segmentation and the defined gold standard using a two-sided paired t-test.  The standard error of such different is assumed to be 10%. Type I error is fixed at 5%. The power is calculated at 88% for n=11 images to be segmented by the automated method and by each of the 4 radiologists (A, B, C and D).    

	The value of the Slicer and the overall sample size. The calculations are based on Hypothesis (b) of Specific Aim 2.    The mean of brachytherapy time in the pilot data from 9 patients is 366 minutes  (approximately 6 hours) with a standard deviation of 29.  We assume that the navigation arm without the use of the Slicer has the same mean time, and the Slicer arm has the same standard deviation, 29. Type I error is fixed at 5%. We will detect a 15 minutes saving with the aid the Slicer with a one-sided two-sample t-test and a balanced design.  The power is calculated at 85% for n=54 patients per arm, with and without the use of the Slicer, resulting a total of 108 patients in the proposed study.



Summary of Sample Sizes Needed:  



	Biopsies:  The feasibility study will first be conducted (n=14).  If feasible, comparisons between sextant and targeted biopsy results, correlated with Gleason scores, will be made (n=91).  See the following Figure.  Projected accrual: Based on the current rate, on average we have 2 biopsy patients per week, resulting in 100 patients, approximately.  Therefore, it is estimated that it will take approximately 1 year to enroll the proposed 91 patients undergoing MR guided biopsies.



�

Figure: Study design of MR-guided sextant and targeted biopsy feasibility and agreement study.

	

	Brachytherapy: The overall study design for evaluating MR guided brachytherapy includes the following 3 independent samples of patients.  (1) Our initial patients, treated with the basic MR method (n=150).   (2) The new patients, treated with the integrated MR method (n=108), half of those treated with the Slicer (n=54) and the other half without the Slicer (n=54).  From each arm, the segmentation agreement study will be conducted (n=11).  (3) The patients treated at the Dana Farber Cancer Institute, using US guidance (n= 200) patients with US guidance. See the following Figure.  Projected accrual: Based on the current rate, on average we enroll 2 patients per week, resulting in 100 patients per year, approximately.  Therefore, it is estimated that it will take approximately 1 year to enroll the proposed 108 patients in the study arm of the integrated MR methods.  
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Figure.  The overall study design.

�



��

�

e.	Human Subjects





>





f.	Vertebrate Animals





>





g.	Literature Cited





>





h.	Consortium/Contractual Arrangements



>



i.	Consultants



>

�Imaging steps involved in both the biopsy and treatment proposals



MR Imaging steps: Biopsy population�MR Imaging steps: treatment population��Pre-diagnosis or treatment�Pre- treatment��Endorectal coil MRI exam at 1.5T 

and Phased array coil MRI exam 1.5T�Endorectal coil MRI exam at 1.5T 

and Phased array coil MRI exam 1.5T�����Day of MR guided biopsy�Day of MR Brachytherapy��Pre-biopsy�Pre-treatment��Axial T2W images -legs down�Axial T2W images-legs down��Axial T2W images -legs up�Axial T2W images -legs up��During biopsy�During implantation��Real time Axial/sagital/coronal FGR�Axial/sagital/coronal FGR��3D-slicer�3D-slicer-T2W images���Immediately post implant���Post treatment follow-up���MRI: Phased array images with IV Gadolinium���CT: 2mm slices through pelvis��





SEGMENTATION APPENDIX



Binary Flows



	Binary Flows are a Curve Evolution (CE) method that was designed to segment bimodal images via an evolving curve which was developed in [Andy-1] and [Andy-2]. As the curve evolves, it is tracked using the level set technique of Osher and Sethian [Andy-4, Andy-5]. This level set method, in conjunction with upwind, monotone difference schemes offer a natural and numerically reliable implementation of these curve evolutions.

	Assume that the domain of an image I (xy) consists of a foreground region R and a complementary background region RC.  We wish to determine an evolution that will continuously attract any initial closed curve towards the boundary of R.

	An arbitrary closed curve over the domain of I(xy) will enclose some portion of R and some portion of RC, with the average intensities u and v inside and outside the curve, respectively, that are bounded above and below. Consequently, using the distance between u and v to measure how well the evolving curve has separated the foreground from the background will ensure an upper-bound that is uniquely attained when the evolving curve is the same as the boundary of R.  A similar strategy, which also assumes no previous knowledge of the intensities would be to descend along a quadratic energy functional composed of the means inside and outside the contour. This will yield an evolution that pulls apart the mean intensities inside and outside the curve as fast as possible.

	In the presence of zero-mean additive white noise in the image, the active contour may weave around or encircle extremely small regions in order to gain tiny decreases in the cost functional. This may cause the contour to appear fractal. To counter these effects, we follow the philosophy of Mumford and Shah [Andy-6] by incorporating a geometric constraint on the evolving contour via an additional term in the quadratic energy functional which penalizes its arclength.  The resulting curvature flow  will exert its strongest influence at points on the contour where the magnitude of the curvature is large. This helps prevent the contour from wrapping around tiny pieces of noise.





Binary Flow Segmentation of the Prostate



	Our strategy to segment the prostate and the substructures within it is to first segment the entire prostate organ and then use this segmentation to mask out the rest of the image in order to segment the CZ/TZ within the prostate tissue. The PZ naturally corresponds to the region inside the prostate but outside the CZ/TZ. Since the PD weighted MR images consistently show a more homogeneous intensity throughout the region of the prostate, we will utilize the information provided by the PD weighted images for prostate tissue segmentation. The PD weighted MR images are far from being bimodal and hence are not directly applicable for binary flow. However, by applying a 2-D gradient filter to the image and taking the 2-norm of the resulting vector image, we transformed each PD weighted image to a binary-like image. At boundary locations, the values of the transformed image are high (large gradients). At other locations, the image values are low. This transformed image is more binary-like and hence is amenable to the binary flow algorithm for segmentation. The interior of the prostate is relatively homogeneous on PD meaning that the transformed image should show relatively low values in the interior of the prostate. Near the boundary of the prostate, however, the transformed image should show relatively high values. Knowing this, we initialized the starting curve inside the prostate, and applied binary flow. In an automatic fashion, the curve balloons out and stops near the high value pixels corresponding to the prostate capsule. Because the 2-D gradient operator has the effect of shrinking the true boundary, the final contour is expanded out by 2 pixels at each point.

	Half (0.5) TESLA T2 weighted MR images delineate the PZ from CZ/TZ. The intensity of CZ/TZ appears lower as compared to PZ hence CZ/TZ shows up as a dark region in T2. To isolate just the relevant structures (i.e. PZ and CZ/TZ), the segmentation of the prostate obtained earlier is used as a template to mask out everything in the T2 images except for the prostate.  Only the pixels corresponding to the prostate are then visible. At this point, a 2-bin histogram equalization technique is applied to the T2 images to transform them into binary images. The binary flow is subsequently applied to the transformed images to segment the CZ/TZ of the prostate.

	We have outlined an approach for the segmentation of the prostate that gives reasonable preliminary results (Figures XX YY). Given the substantial patient-to-patient variabilities in the size and shape of the prostate, additional development will likely be needed to achieve a fully automatic method for segmenting the prostate in MR.

	It is interesting to note that even though the pre-operative MR images are not binary, we are still able to apply binary flow to capture the boundary of the prostate and its substructures. Choosing the correct transformation to alter the MR images of the prostate to a bimodal image is the key. This fact underlies most of our future research interest in this technique, namely to investigate the use of other transformations to enable us to continue to use the binary flow algorithm to improve our segmentation of the prostate and its substructures. As part of our future research agenda, we intend to construct and test different cost functionals for separating the prostate from the rest of the tissues in the image based on first order (and possibly higher order) statistics. Some frequently used first order statistics besides the mean are variance, skewness, kurtosis, and entropy [Andy-7, Andy-8, Andy-9]. Energy functionals based on combinations of these first order statistics will also be considered. Since the interior of the prostate is textured, we may consider trying to segment prostate by viewing it as a textured organ. An approach to texture segmentation is via the use of co-occurrence matrices which have been in use since the early 1970's. The review article by Haralick [Andy-10] gives fairly extensive accounts of various attempts of using co-occurrence matrices for texture image segmentation. In this method, statistics from the co-occurrence matrices are used to separate the two underlying textures in the image. We intend to construct energy functionals based on these statistics for texture segmentation.  Another approach to solving the segmentation problem is to use the joint occurrence of local features at multiple scales. This technique, proposed by De Bonet and Viola [Andy-11], provides a similarity measure between two textures. We intend to incorporate this similarity measure into the energy functional of our algorithm for texture segmentation. Finally, we plan to investigate the use to other prior models on the curve such as convexity and shape priors.



Appendix



List of Time Measurements in the Brachytherapy



Positioning

Anesthesia

Imaging

Preparation

Planning 

	Contouring

	Dose Planning

Needle Insertion

Final DVH

Extra Needle Insertion

Unpreparation 



Questionnaire on the Use of the Slicer



Computer operator: 

The ease of use of the graphical interface. (Y/N) 

Did the software allow swift answers to the surgical questions? (Y/N) 

Was the software fast enough? (Y/N) 

How many errors/crashes took place? (<5, 5-10, >10)

Was the software easy to use? (Y/N)

Is the interface feasible? (Y/N)

What features where demanded the most? (Describe)

Interventionist:

Intraoperative:

The imaging request justified by the need for image-guidance (targeting or localization) (Describe)

The imaging is ordered to assess residual tumor or lesions (Describe)

The imaging is requested to assess potential complications (hemorrhage, swelling) (Describe)

Postoperative (Immediately Post Implantation):

Overall impression of intervention strategy:

Did you achieve your surgical goal? (brachytherapy) (Y/N)

Did you avoid potential damage of normal tissue (Y/N)

Did you have to change your approach (based on the findings on the images)? (Y/N)

Did you have intraoperative complications (i.e., hemorrhage) (Y/N)

Overall impression of imaging:

How much did you rely on the imaging?	(10-100%)

How comprehensive did you find the imaging? (very/good/not at all)

Did the imaging supply new information? (Y/N)

Did the imaging augment the perception of the anatomy? (Y/N)

Evaluation of the Slicer:

How much did you rely on the Slicer? (10-100%)

How comprehensive was the Slicer (very/good/not at all)

Did the Slicer supply new information? (Y/N)

Did the Slicer augment the perception of the anatomy? (Y/N)

Comparison between Slicer and MR (without Slicer):

Which modality was faster for localization?  (MR/Slicer)

Which modality allowed for a better appreciation of the anatomy? (MR/Slicer)

Which modality allowed more accurate appreciation of therapy? (MR/Slicer)

Which modality did you rely on decision making? (MR/Slicer)

Postoperative (4-6 Post Implantation):

Did the patients status changed after the therapy? (worse/no change/ better)

Did the patient have postoperative complication undetected intraoperatively (Y/N)

Re-operation (Y/N)

Days spent on ICU (0-  )

Days of hospitalization (0- )

Follow-up:

Was the original goal (defined preoperatively) achieved? (Y/N)

Was the original strategy (defined preoperatively) achieved? (Y/N)

Was the treatment strategy altered due to the use of the Slicer? (Y/N)
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