Intraoperative ultrasound overlay in robot assisted partial nephrectomy:  
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1. Introduction

Intraoperative ultrasound facilitates the localisation of partially or entirely endophytic renal tumours during laparoscopic or robot-assisted partial nephrectomy (RAPN) [1].  A current limitation of intraoperative ultrasound is the requirement on the surgeon to relate the subsurface ultrasound image to the separate endoscopic view.  Here we present the first clinical experience of live registered intraoperative ultrasound overlay.
2.  Methods

Registered ultrasound overlay was achieved using an approach previously described by our group, where the use of ultrasound in an ex-vivo model for transanal microsurgery was examined [2].  This method of live image registration can be best described as a three-step process of calibration, image registration and finally image overlay, and has demonstrated a registration accuracy of <0.5mm [2].  A summary of the system hardware is outlined in Table 1.
2.1  Overlay process

2.1.1  Calibration

Initially, an ultrasound-image-to-probe calibration was performed, providing the constant mapping from the ultrasound image to the coordinate system defined by a chessboard pattern affixed to the ultrasound probe (Figure 1-A). Subsequently, a stereo camera calibration was performed, such that overlays could be rendered in the correct position in both left and right console views.
2.1.2  Image Registration

Real-time ultrasound image registration was achieved using a stepwise process (Figure 1):  1) Prominent features are identified in the endoscopic image. These are characterised by large local variations in pixel intensities. A subsequent triangulation of these points (seen as red in Figure 1-B) reveals geometric structures present in the image.  2) Irregular and out-sized triangles are discarded. Triangles satisfying certain neighboring criteria are joined to form quadrilaterals (seen as green in Figure 1-B).  3) Employing the camera calibration, the unique transformation from the chessboard to camera coordinate systems can be determined.  4) The result is concatenated with the constant ultrasound-image-to-probe transformation, thereby determining where to render the ultrasound image in the endoscopic views.
2.1.3  Image Overlay
In the final step of the process the live ultrasound image was superimposed on the stereo console display.  The ultrasound image was available for display in two different viewing styles.  The first was a simple overlay with variable transparency (allowing the surgeon to see the tissue underlying the ultrasound view), while the second enabled a ‘cutaway’ feature.  Within this cutaway view the image was displayed as the posterior aspect of a cube allowing the surgeon to appreciate depth more easily (Figure 1-D). 
3.  Results
A single patient with an exophytic tumour with a R.E.N.A.L. nephrometry score [3] of 8a underwent a RAPN. The ultrasound probe and clip were passed through the assistant port and used in a similar fashion to that of a standard ‘drop-in’ ultrasound probe (the custom made ultrasound clip was fabricated to allow the ultrasound probe to be grasped using robotic Cadiere forceps). The surgeon was able to view both the standard endoscopic image and an image including the registered ultrasound overlay in TilePro™ (Intuitive Surgical, Sunnyvale, CA). 
The system was utilised to: 1) assist in defining the tumour boundary 2)  determine tumour depth.  The ultrasound system was disengaged prior to vessel clamping and resection.
4.  Discussion
Herein we have demonstrated the first use of registered intraoperative ultrasound overlay in-vivo (Figure 1).  Previous work by Cheung et al. demonstrated the use of an electromagnetically (EM) tracked ultrasound probe to improve resection quality in an ex-vivo model [4].  The major difference is that the platform presented here utilises video tracking to establish the probe position, thus removing the need for external optical or electromagnetic (EM) tracking equipment in theatre. It also addresses concerns raised previously over the accuracy of EM tracking due to interference from ferromagnetic objects [5].
Although not utilised in this case the system has the capacity to display colour Doppler within the overlay, a function we intend to use in future cases to define better the vascular supply of the tumour. 

Although the system offers an improved appreciation of tumour anatomy, there are still some limitations that are being addressed. The most significant being the small time delay introduced by the High Definition video processing.  This delay necessitates the need for two views to be displayed simultaneously. 
5.  Conclusion
Although further data is required to demonstrate the superiority of the technique over conventional robotic or laparoscopic ultrasound, initial ex-vivo data [4] suggests that overlay can improve resection quality and in turn has the potential to improve oncological outcomes and postoperative renal function.
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	System Hardware

	· Portable workstation with NVIDIA Quadro SDI capture and output cards (NVIDIA, Santa Clara, CA, USA)
· Hitachi Aloka ProSound ALPHA 10 cart (Hitachi Aloka Medical Ltd., Tokyo, Japan)
· Hitachi Aloka UST-533 multi-frequency linear array microsurgery probe with attached KeySurgical marker dots (KeySurgical Inc., Eden Prairie, MN, USA)

· Custom probe clips 3D printed in sterilisable Cobalt-Chrome alloy


Table 1.  System hardware
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Figure 1.  A) Ultrasound probe with attached chessboard pattern mounted in custom made clip B) Real time automatic tracking and registration process C) Superimposed ultrasound D) Superimposed ultrasound with cutaway and 
1 mm ruler
