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Grufiwort

Liebe Teilnehmerinnen und Teilnehmer,

auch in diesem Jahr setzt die CURAC mit ihrer Jahrestagung ein Zeichen fiir den vertrauensvollen und
belastbaren Austausch zwischen Klinikern und Medizitechnik-Experten.

Unsere Gesellschaft hat sich damit iiber die Grenzen des deutschsprachigen Raumes hinweg einen
ausgezeichneten internationalen Ruf erarbeitet. Regelmaflig gewinnen wir fithrende Technik-Forscher
und hochkaritige Kliniker aus aller Welt zur Teilnahme. In diesem Jahr freuen wir uns ganz besonders
auf die Gastvortrige von Prof. Guang-Zhong Yang, Direktor des Hamlyn Robotic Centers London sowie
Prof. Jens Rassweiler, Griindungsmitglied der Section of Uro-Technology (ESUT) der European Associ-
ation of Urology (EAU), die mit ihrem Auftritt das Netzwerk der CURAC nachhaltig erweitern.

Ein grofler technischer Fortschritt ist insbesondere in der Informatik, bei den Verfahren der kiinstli-
chen Intelligenz, in den Materialwissenschaften, bei Halbleitertechnologien, additiven Fertigungstech-
nologien und auch bei medizinischen Sensortechnologien spiirbar. Unsere Aufgabe ist es, diesen Fort-
schritt fiir neue computer- und roboterassistierte Behandlungsverfahren zu nutzen und im Sinne des
Patienten in klinisch effektive Losungen umzusetzen. Dazu ist die Einbindung von Industriepartnern,
etablierten Firmen und jungen Start-ups unerlasslich.

So passt auch das Motto ,Vernetzt in die Zukunft® der 17. Jahrestagung der CURAC-Gesellschaft
zum Thema der technischen und klinischen Zusammenarbeit. Beinhaltet es doch zwei wichtige Aspekte,
die uns als diesjdhrigem Veranstalter am Herzen liegen: Zum einen die intensive Verflechtung der For-
schungsarbeiten zwischen Informatikern, Ingenieuren und Medizinern, so wie sie Kern neuer medizin-
technischer Entwicklungen fiir die klinische Anwendung in unserem Forschungszentrum Innovation
Center Computer Assisted Surgery (ICCAS) Leipzig ist; zum anderen die zukiinftige, technologische
Herausforderung der offenen Vernetzung von Medizingeraten und IT-Systemen im Operationsbereich —
gemeinhin auch ,Internet of Things“ genannt. Wir unterstiitzen durch die ortliche und thematische
Nihe der Forschenden im Bereich der computer- und roboterassistierten Medizin auf dem Universitéts-
medizincampus Leipzig den aktiven Austausch interdisziplindrer Forschungsimpulse. Unser integrierter
und voll vernetzter Operationssaal ist ein praktisches Beispiel, wie vernetzte Strukturen bei uns in Leip-
zig zu erfolgreichen Medizintechnik-Innovationen fithren kdnnen. Den Intelligenten Operationssaal
présentieren wir neben anderen hoch innovativen Forschungsprojekten beim Get Together am ersten
Veranstaltungsabend im ICCAS.

Wir freuen uns darauf, unsere Erfahrungen mit den Technologien einer vernetzten Zukunft gemein-
sam wahrend der Tagung vorzustellen. 47 spannende Vortriage zu den Themenbereichen Bildverarbei-
tung, Quantifizierung und Visualisierung, Chirurgische Planung und Risikoanalyse, Navigation, Work-
flowanalyse und Pradiktion, Chirurgische Assistenzsysteme, Bildgestiitzte Systeme, Wissensbasierte
Systeme und Entscheidungsunterstiitzung sowie Modellierung und Simulation bilden das wissenschaft-
liche Programm der ersten beiden Veranstaltungstage. Am dritten Tag findet im Rahmen der CURAC
der beliebte Clinical Day statt, mit dem die Sektion fiir minimal-invasive Computer- und Telematik-as-
sistierte Chirurgie der Deutschen Gesellschaft fiir Chirurgie (CTAC) zusammen mit dem CURAC e. V.
besonders die Mediziner ansprechen mochte. Wir danken hier besonders Prof. Hubertus Feuflner fiir
seine Unterstiitzung.

Der CURAC-Festabend am zweiten Veranstaltungstag wird im Da Capo, der Leipziger Eventhalle
mit einer der grofiten Oldtimersammlungen Mitteldeutschlands stattfinden. Umgeben von Glanz und
Chrom aus der Zeit, als die Technik erst fahren lernte, werden wir einen fantastischen Abend verbringen,
in dessen Rahmen die Uberreichung der Best Paper Awards stattfindet.

Wir hoffen, die Veranstaltung bringt allen Teilnehmern viele Kommunikationsmoglichkeiten und In-
spiration fiir das weitere Wirken und bedanken uns herzlich bei allen Autoren und Co-Autoren, den
Referenten, dem Programmkomitee, dem Organisationsteam und den Sponsoren fiir deren Engagement.

Prof. Dr. Thomas Neumuth Prof. Dr. Stefan Weber
Prof. Dr. Andreas Melzer Prasident CURAC
Tagungsprasidenten CURAC 2018
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Streaming of 3D Data from Ultrasound Systems to
Augmented Reality Glasses (HoloLens)

Felix von Haxthausen!, Floris Ernst!, Ralf Bruder!, Verdonica Garcia-Vizquez!
Institute for Robotics and Cognitive Systems, University of Liibeck, Liibeck, Germany

Contact: vonhaxthausen@rob.uni-luebeck.de

Abstract

Even though two-dimensional (2D) ultrasound (US) is one of the most common tools for diagnostic procedures,
this imaging modality requires highly experienced and skilled operators to mentally reconstruct three-dimensional
(3D) anatomy from these images and the physician’s gaze is focused on the US system. Real-time 3D US in
combination with augmented reality has the potential to overcome these problems. We propose an approach that
allows streaming of volumetric data from the US system to the HoloLens and that renders the volume next to the
US probe. Raw data access to the US system was provided by an in-house modification and a multi-language
remote procedure call was used to transmit data to HoloLens. The volumetric data was rendered with a time
interval of 72455 ms and an end-to-end latency of 259+85 ms. Streaming 3D US data to HoloLens gives the
possibility of a more intuitive visualization than using a standard screen.

Keywords: Real-time three-dimensional ultrasound, Mixed reality, AR marker

1 Problem

Two-dimensional (2D) ultrasound (US) imaging is a method extensively used for diagnostic and interventional
tasks [1]. Nevertheless, this technique suffers from several disadvantages. First, the user mentally needs to fuse
several 2D images in order to get an impression of three-dimensional (3D) anatomical structures. Second, out-of-
plane motion results in imaging of different anatomical slices. Third, the relocation of the probe at the exact same
position, as needed for monitoring the progression of pathology, is difficult [1]. Also, the physician’s gaze is
focused on the US system, missing the spatial relation between the position of the probe and the region of interest.
Real-time 3D US (also referred as four-dimensional (4D) US) volumes displayed as a virtual object next to the US
probe has the potential to overcome these problems. The Microsoft HoloLens is an optical see-through head-
mounted computer that displays sterecoscopic projections in the user’s natural environment
(www.microsoft.com/de-de/hololens). We present an approach that allows streaming of volumetric US data from
the system to the HoloLens which in turn displays the volume next to the US probe.

2 Materials and Methods

A 4D cardiac US system (Vivid7, GE Healthcare) with a 3V matrix array probe and an in-house modification, that
allows real-time access to the raw data, was utilized for volume data acquisition [2]. Volumes were sent from the
US system to a computer via Ethernet and from there to HoloLens via Wi-Fi. An open-source multi-language
remote procedure call (gRPC) was used for the second transmission path. A conversion from beam space to
Cartesian space took place on the computer. An augmented reality (AR) marker was attached to the US probe to
display the rendered volume relative to the transducer. Lossless data encoding was used to reduce the amount of
required bandwidth. On HoloLens, the US volumes had an isotropic voxel size of 1.5 mm and were interpolated
using the nearest-neighborhood method. A Universal Windows Platform (UWP) application was developed in
Unity (Version 2018.1.0b9) for displaying the US volumes on the HoloLens. The application consists of the
following parts: the gRPC receiving module, the decoding module, the volume rendering and the module for
tracking the AR marker based on the open-source HoloLensART Toolkit [3].

This approach was evaluated regarding the frame rate of displayed volumes on HoloLens and the end-to-end
latency. US volumes (depth of 15 cm, matrix size in beam space of 495 x 72 x 26) were acquired at a frame rate
of 13.8 Hz. On HoloLens the volume had a matrix size of 103 x 74 x 134. The US system and the HoloLens were
first synchronized using a Network Time Protocol (NTP) server. Hereafter, the timestamp of each sent volume
from the US system was used to calculate the end-to-end latency on the HoloLens after volume rendering.
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3 Results

During the evaluation, all volumes were successfully transferred from the US system to HoloLens. Figure 1 shows
the physician’s point of view where the US volume was displayed relative to the US probe. Successive volumes
were displayed with an interval of 72 £ 55 ms (mean + standard deviation). The end-to-end latency was 259 + 86
ms. The lossless data encoding allowed a decrease of 63 % in data size.

Figure 1. The rendered US volume above the transducer, which was placed on the FAST Ultrasound
Training Model (Blue Phantom). The HoloLens displayed the US data in the physician’s field of view.

4 Discussion

The results showed that the mean interval between displayed volumes on HoloLens corresponded to the frequency
when sending US data, thus the system is capable of processing and rendering all acquired volumes without
increasing latency. The end-to-end latency is still too high for an instantaneous perception of the displayed volumes
compared to the suggested threshold of 100 ms mentioned in [4]. A performance improvement regarding the
conversion from beam space to Cartesian space and the gRPC module can result into lower latencies. The AR
marker on the US probe allowed to place the rendered volume relatively to the transducer such that a translation
and rotation of the probe resulted into the according transformation of rendered data. Future work will also include
the evaluation regarding the minimum size of the marker and the stability of the rendered data. Since HoloLens
offers voice commands and hand gestures, a future research topic will target the user interaction with 3D US data
in order to resize, rotate or change the transfer function of the rendered volume. The technology also supports
other ultrasound stations using the same gRPC service specification. It is currently implemented for the Vivid 7
as described here and Philips’ EPIQ 7G station with the X6-1 transducer.

5 Summary

Streaming of volumes from the US system to the HoloLens and rendering next to the US probe was feasible by
using the approach presented in this study. There is a growing interest in using 4D US for clinical applications and
HoloLens gives the possibility of a more intuitive visualization of volumetric data than using a standard screen.

Funding
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Liver surface reconstruction from navigated ultrasound
during image-guided liver surgery

Luca Sahli ', Stefan Weber', Iwan Paolucci’
"ARTORG Center for Biomedical Engineering Research, University of Bern, Bern, Switzerland

Contact: luca.sahli@students.unibe.ch

Abstract

During navigated liver resections, most systems rely on registration of a preoperative model to the patient using
surface or ultrasound landmarks. However, by opening the abdominal wall and mobilizing the liver, the shape is
altered and therefore registration of a preoperative model becomes very challenging and error prone. To
overcome this issue, an intraoperatively acquired model for planning of a resection could be used instead. As
navigated ultrasound is commonly used in image-guided surgery, these images could be used to create an
anatomical model and a surgical plan. In this study we evaluated an approach to reconstruct the liver surface
based on intra-operative ultrasound.

Keywords: Liver Surgery, Navigated Ultrasound, Surgical Planning

1 Problem

Surgical resection is the gold standard for curative care for primary and secondary hepatic tumors. This
procedure usually involves removing the segment of the liver where the tumor is located. In this treatment, it is
important to spare enough healthy parenchyma to preserve the function of the liver after surgery. Therefore, non-
anatomical resection approaches are becoming more popular, as they try to spare as much healthy tissue as
possible. This way, only the tumor and a safety margin of 5 — 10 mm are removed which allows multiple
resections and re-treatments in case of recurrence [1]. However, especially in these non-anatomical resections,
maintaining the safety margin is challenging as the tumor is removed by cutting around the tumor in a conical or
wedge shape rather than a plane along anatomical landmarks.

Therefore, image-guidance systems have been introduced to guide the surgeon to precisely follow a planned
resection path. These systems rely on tracking devices (optical or electromagnetic) to measure the pose of the
surgical instruments and use a registration process to align a preoperative model with the patient intraoperatively
[2, 3]. However, the setup and use of such systems is time consuming, complex and requires extensive training,
which is a major reason why they are not widely used [4]. Additionally, the registration process introduces errors
due to organ deformation between the image acquisition and the surgery.

During conventional, non-anatomical resections a resection plan is drawn onto the liver before the start of the
resection. Therefore, an important part of the resection plan is an accurate reconstruction of the liver surface.
This surface is then used to project the outline of the tumor and a safety margin onto the surface. This is where
the surgeon would start with the transection of the parenchyma. Previous work used such surface reconstructions
based on laser scanners [5] for intraoperative registration, which requires additional equipment. In this study, we
evaluated an ultrasound (US) based method to automatically reconstruct the liver surface intraoperatively.

2 Material and Methods

The image processing pipeline consists of three steps, the acquisition, the contact detection and the surface
reconstruction (Fig 1). First the data from an ultrasound scanner (Flex focus 800, BK Medical, Denmark) and a
tracking camera (Polaris, NDI, Canada) is acquired and fused on a navigation system (CAS-One Vario,
CAScination AG, Switzerland) for liver surgery. Then each image is classified whether it has contact to the liver
surface or not. The position of the images with contact to the liver surface are then further processed in the
surface reconstruction step to create a model of the liver surface. The result is then visualized in a 3D viewer.
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Surface Contact

Acquisition Detection

Fig 1: The data processing pipeline
2.1 Acquisition

During the data acquisition phase, the ultrasound image and the corresponding 6D pose are recorded using the
navigation system. The ultrasound was calibrated using a Z-wire phantom [6] and is tracked by an optical
tracking system. To simulate a liver surgery, a multimodal liver phantom (Fig 2) and an intraoperative
ultrasound was used to get the ultrasound images. During the simulation the ultrasound device had a trackable
and calibrated marker attached.

Fig 2: The US liver phantom used for the experiments in this study

To find an optimal sampling method, the liver was scanned with six different techniques (Fig 3: Different
sampling movements of the ultrasound device over the surface of the liver.Fig 3). The two spiral techniques
represent recordings of moving the US device to draw a spiral onto the liver. Either from the center to the
peripheral part (spiral out) or vice versa (spiral in). The two sweep techniques represent recordings of moving
the US device left and right (Sweep LR) or forward and backward (Sweep FB). The flower technique represents
a recording of moving the US-device to draw a flower onto the liver. Additionally, a point grid was acquired as
reference points for evaluation of the other reconstructions.

Sweep BF Flower Point grid

Fig 3: Different sampling movements of the ultrasound device over the surface of the liver.
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2.2 Surface Contact Detection

In the surface contact detection step, a classifier detects whether the US probe has contact to the liver or not.
Therefore, a support vector machine (SVM) was trained with US images from the phantom and from previous
navigated liver surgeries. The SVM was trained to classify the image into “no surface contact” (left) and
“surface contact” (middle and right). The images were labelled as “surface contact” if at least 50% and the center
had contact to the surface (Fig 4 middle). The classifier takes into account that US waves are reflected at the US
probe-air interface when the US probe has no contact to the liver and therefore no image is formed.

Fig 4: Three ultrasound images from left to right: No contact with the liver, difficult to decide (In
this case it would be contact because the middle part of the image shows contact), contact with the
liver.

The features for the classifier were: mean, median, minimum, maximum, variance, skewness and kurtosis of the
pixel values. All features are calculated on the upper half of the image. For training, a set of 2’311 images (1’056
with contact, 1°255 without contact) were used. The training data was composed of images from a phantom
(88%) and images from previous navigated liver surgeries (12%). All computations were performed using the
SciPy software package.

2.3 Surface Reconstruction

To reconstruct the surface of the liver from the sampled points, the surface reconstruction algorithm by Hoppe et
al. [7] was used. The algorithm consists of three phases. From an unorganized set of points, phase 1 constructs
an initial dense mesh. Starting with the dense mesh created in phase 1, phase 2 reduces the number of faces and
improves the fit to the data points. In phase 3, the surface representation is changed from a piecewise linear one
(meshes) to a piecewise smooth one. For the computations the implementation in VTK
(SurfaceReconstructionFilter) was used (neighborhood size of 50 and sample spacing of 10). Due to the different
latencies of the US and the tracking system (with the US being slower), a delay of 4 frames (0.2 seconds) is
applied to the tracking data.

2.4 Experimental Evaluation

For evaluation of the surface detector the data was split into training (80%) and test data (20%). The precision
and recall were calculated for performance analysis on the test set. To quantitatively evaluate the reconstructed
surfaces, the points of the point grid measurement (69 points) were used as a reference. These reference points
represent points on the surface of the liver in an undeformed state. For each of these reference points, the error is
computed as the shortest distance to the reconstructed surface. All computations were performed using SciPy.

3 Results

Overall, the surface contact detector was evaluated on a test set with 2414 images. Additionally, 14 scans of the
liver surface were evaluated against the reference points to measure the accuracy of the surface reconstruction.

3.1 Surface Contact Detection

To evaluate the contact detector, a test set of 2414 images with 50% contact and 50% no contact was used. The
detector has a sensitivity of 0.95 and a specificity of 0.98. Out of all negative samples, 1.9% were detected as
having contact. The prediction of one image takes 15 ms where most of the time (approx. 99%) is spent for
feature extraction.
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3.2 Surface Reconstruction

Visual Assessment

The reconstruction of the liver surface created lead to a smoothed version of the measured surface part. The
measured surface corresponds to the surface of the liver (Fig 2). However, the reconstructed surface area is
larger than the sampled part of the surface. This is a property of the algorithm, as it estimates a rectangular grid.

Spiral In Spiral Out Sweep LR

Sweep BF Flower Point grid

Fig 5: Reconstructed surfaces from different movements of the ultrasound device over the surface
of the liver model. The names correspond to the movement drawings (Fig 3).

Quantitative Analysis

To evaluate the accuracy of the reconstructed surfaces, the shortest distance of the reference points to the surface
were computed. The overall median error for all the measurements is 2,5mm with an interquartile range of 1 mm
— 5 mm. By projecting these errors corresponding to each reference point onto the liver surface, one can see that
the highest errors are in segments 2 and 3 And the lowest in segments 4, 5, 6 and 8 (Fig 6).

Fig 6: The errors at the reference points projected onto the liver surface. The size of the points
corresponds to the median error at this reference point.
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4 Discussion

The surface contact detector is correctly classifying in 96% of the cases, with a very low false positive rate of
1.9%. This is especially important, as false positives lead to artifacts in the reconstructed surface. Furthermore,
the processing time of 15 ms per image makes it suitable for real-time processing of the images as the ultrasound
scanner runs at 20 Hz (50 ms / frame). When the US probe is removed from the liver surface there are 3-5
images which are wrongly classified as having a signal. This would cause artifacts in the surface reconstruction,
and therefore they are filtered out later for surface reconstruction. This is mainly, because of the latency of the
US scanner itself compared to the tracking system. The images are slightly blurrier (Fig 7), but from the tracking
positions one can clearly see that they are not on the surface.

Fig 7: Wrong and correct classified images at the end of the measurement.

4.1 Surface Reconstruction

From a visual point of view the reconstructed surfaces of the US liver phantom look similar to the surface of the
liver model. However, the spiral and the flower movement, led to a more accurate reconstruction.

From a quantitative point of view, it turned out that the largest average errors are in segment 2 and 3. This is
likely because these liver segments are the softest on the phantom used for the measurements. Due to that, this
segment was pressed down during the measurement which lead to a surface with a large distance to the reference
points. Additionally, one can see that the average distance at the boundary of the liver is large as well. This could
be because the US device was held between the wall of the tank and the liver model. Because of the small space
between the wall and the liver, the pressure applied on the liver was larger than in other areas and the consequent
distance between the reference points and the deformed surface became larger. However, this might also be the
case in a clinical setting, as these regions are more difficult to reach with the US probe. Overall, the best
accuracy, could be achieved in segments 4,5,6 and 8, which were the easiest to access in this setup. In a next
step, this would also be analyzed on the human liver, to see in which segments this technique can be applied
accurately.

To conclude, we presented a surface reconstruction technique, which can be used to intraoperatively acquire a
surface model of the liver using navigated US. This can then be further used for intraoperative resection planning
or surface-based registration.
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Abstract

For gastroscopic examinations of the stomach, the limited field of vision related to the keyhole view of the
endoscope can be a problem. A panoramic view of the gastroscopic images can enlarge the field of vision and
may ensure that the performing physician has examined all of the stomach walls. Nevertheless, the complex
geometry the stomach renders does not allow a straight forward stitching or mosaicking of a panorama.

Therefore, for primary experiments in the field of panoramic endoscopy of the stomach we subdivided the
stomach in four areas (fundus, antrum, lesser and greater curvature of the body of the stomach). We adapted
methods for panoramic bladder-mosaicking in order to stitch endoscopic image-sequences from two different
phantoms of the stomach and a real gastroscopic examination. With the obtained “panoramic map”, the
physician can ensure that the entire stomach was examined, document and annotate findings and communicate
these to other physicians.

Keywords: stomach, panorama, endoscopy, stitching, mosaicking, registration, view enhancement

1 Problem

One core problem in diagnostic and interventional endoscopic interventions including gastroscopy (endoscopic
examination of the upper Gl-tract, including esophagus, stomach and duodenum) is the limited “field of view”
through an endoscope, also known as “keyhole view”.

At the beginning of a gastroscopic examination, the endoscope is advanced through the patient’s mouth into the
esophagus, entering the stomach through the cardia and is moved through the stomach until the duodenum is
reached. During this process, the physician does not look at closer details of the surface, but concentrates on the
mechanical insertion of the endoscope into the lumen. The examination happens in a second step, when the
endoscope is slowly withdrawn through the pylorus, passing the pyloric antrum and the body of the stomach (cf.
Figure 1). In the stomach body, the physician bends the endoscope for a closer examination of the surface. In the
end of the examination, the endoscope tip is retroflexed in order to allow an examination of the fundus and the
cardia.

Figure 1. Overview to the regions of the stomach. Based on [1], modified
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For the clinical documentation of an endoscopic examination of the upper (or lower) gastro-intestinal tract, a
number of still-images photos or video-recordings are usually made. On one hand, still photos are not capable to
show the entire surface of the organ lumen and the depicted areas are not comparable. On the other hand, it
usually takes much time to find a certain area of interest in an endoscopic video sequence.

One approach to solve the above mentioned problem of the “key-hole-view” is to create a so-called “panorama
image” of the examined body lumen, such as the stomach. Therefore, particular images captured by the
endoscope are combined to a single panorama image by an image processing system. The resulting image can
hence be regarded as “a map-like structure” of the surface of the examined hollow or at least significant parts of
it. For hollow organs with a more simple inner geometry such as the spherical bladder, solutions already have
been proposed, which are able create such image panoramas in real time [2] [3].

State of the Art

For the computation of panoramic images of the stomach from endoscopy image sequences, hardly any work is
known.

Liu et al. [4] have recently introduced an approach of creating a complete gastric panorama. To address the
problem of the 6-DOF freedom of the endoscope tip in gastroscopy, they mounted an additional electric magnet
(EM Tracker) at the tip of the endoscope, in order to track the motion and orientation of the endoscope tip inside
the gastric hollow with external sensors placed around the patient. Moreover, they suggested a method to project
the stomach geometry onto a plane.

Ali [3] suggested the computation of a panorama of the region around the pyloric antrum (cf. Figure 1) with an
endoscopic system, that does not need additional tracking sensors, but uses the optical flow between successive
image frames from the input sequence for tracking. This approach has originally been developed for panoramic
cystoscopy, and has only been transferred exemplarily to one gastroscopic sequence.

Capsule endoscopes (so called “PillCams”) are an alternative approach for the assessment and examination of
the gastrointestinal tract. Such acquired “PillCam”-sequences have been used by varying research groups to
create image panoramas [5] [6] [7] of the stomach. The control over the image recording process is limited, since
the currently commercially available capsule endoscopes are not able to move actively. Nevertheless, there are
some attempts to control their motion in the stomach by magnetic fields [8].

2 Methods and Material

Methods

Our research group has recently developed a software system that allows creating a large-scale image panorama
of the bladder during a cystoscopy in real time called, referred to as “Endorama” [2]. This system can capture a
live video stream from an endoscopy system, to fuse the acquired images to an image panorama, and to display
the resulting panorama to a control screen, that the physician gets a real-time feedback during the examination, if
the entire surface of the bladder is captured in sufficient quality for stitching (cf. Figure. 2).
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Figure 2. Panorama generation overview

The “Endorama” system captures images from the endoscope system with a frequency of 25 to 60 Hz, depending
on the data source. A number of preprocessing steps is applied on every frame [9] (cf. Figure 2): At first a
circular aperture mask typical for endoscopic images is applied. A color shading correction algorithm [10] is
applied to handle inhomogeneous illumination, caused by the point light source used in endoscopy. Furthermore,
lens distortion is corrected based on a previously recorded checker board pattern.

The preprocessing step is followed by a feature extraction step, where the system extracts a number of robust
features based on the DOP algorithm [2] [9], which can be used as landmarks.

These key-points are handed over to a tracking module that estimates correspondence between the features from
one frame to another by using a RANSAC scheme [11]. Based on this information, the distance between two
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successive frames is estimated, so that the position of the endoscope tip can be tracked relative to the surface of
the body lumen and the starting position.

Based on this tracking and correspondence information images are registered against each other in the next step.
Only frames with a sufficient distance are registered, while frames that do not add additional information (e.g.
are located close to another frame) are be discarded. While this tracking based registration step is performed in
real time, a second registration process runs in parallel to perform a global optimization, which also includes a
loop detection method [2].

The system has currently been optimized for a spherical geometry, a fully illuminated small field of vision, no
abrupt changes in the angle of view, and no occlusion of parts of the surface by other structures.

“Endorama” is written in C++, using OpenCV and requires CUDA support to achieve real-time processing of a
live stream or video.

Materials

To apply this approach to endoscopic image data obtained from the stomach, we had to mitigate the problem,
that the geometry of the stomach is more complex than the bladder. Instead of stitching the entire stomach
surface at once, we defined a number of sub-regions in the stomach with geometries that fit the current
limitations of our system better and respect the anatomy of the stomach (cf. also Fig. 1): the fundus (and the
cardia), the pyloric antrum, and the greater and the lesser curvature with the adjacent parts of the stomach wall.
These regions are enlisted in the order of similarity between their geometry and the geometry of the bladder.

e The fundus and the adjacent cardia is a widely spherical region and the orientation of the endoscope tip is
roughly perpendicular to the surface, so there are similar geometric conditions as in the bladder. The organ
itself does not occlude any part of the fundus, but parts of the cardia are hidden behind the endoscope, that
enters the stomach here.

e The pyloric antrum is delimited by sphere-like region, but is slightly stretched. Under certain conditions
parts of the antrum might be slightly occluded by a notch. The surface texture of this region is not as distinct
as in the fundus and wide parts of the stomach body; therefore finding landmarks for image registration is
harder.

e The greater curvature has a concave shape, but the angle of vision alters.

e The lesser curvature is the only convex region and the angle of vision alters massively.

To test our stitching approach, we recorded image sequences of each of the described regions (fundus, antrum,
curvatures) in a silicon phantom of the stomach (Phantom A: Tiibingen silicon stomach phantom [12] inserted
into a CLA torso, cf. Fig. 3, left) with a Storz 13924 PKS gastroscope. The previously described “Endorama”
software processed the image sequence during the recording and gave direct visual feedback to the examiner
about the quality of the recording as well as the panorama. A second stomach phantom (Phantom B: Erler-
Zimmer Phantom, see Fig. 3, right) was recorded with an Olympus GIF HQ190 endoscope without visual
feedback from the system. Both phantoms differ in their size and the texture of the inner surface.

Figure 3. left side: “Phantom B (Tiibingen silicon stomach phantom in a CLA-torso),
right side: “Phantom A" (Erler-Zimmer-Phantom)

Moreover, we used a collection of video sequences of one routine gastroscopic examination, recorded with an
Olympus GIF HQ180 endoscope. Here the physician had no visual feedback, whether the recorded material
would be sufficient for the generation of a panorama.

For the phantoms every region was recorded separately. To create panorama images for the real patient data, we
manually selected and cropped subsequences of the video recording that show the required parts of the stomach.
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Figure 4: Panoramic maps of the fundus region of phantom A (left), phantom B (middle), and
patient (right) consisting of 21 tiles, 19 tiles, and 10 tiles, respectively.

Figure 5: Panoramic maps of the pyloric antrum of phantom A (left), phantom B (middle), and
patient (right) consisting of 23 tiles, 68 tiles, and 22 tiles, respectively

Figure 6. Panoramic fragments of the body of the stomach along the greater curvature of phantom A (left),
phantom B (middle), and patient (right) consisting of 32 tiles, 68 tiles, and 6 tiles.

3 Results

Computed panoramic images of the fundus, the pyloric antrum and parts of the greater curvature obtained from
endoscopic image sequences of the two phantoms and the patient data are depicted in Figures 4 — 6. For the
fundus region we managed to create a panorama that shows nearly the entire region. Also, was possible for both
the phantom video sequences as well as the recording of the patient. The panorama images are composed of 10 -
21 single image tiles each, neglecting all frames which do not add new information to the panorama. The
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endoscope entering through the cardiac antrum can be seen in the top of the image due to the retroflexed
endoscope tip (Figure 4).

Creating a panorama of the pyloric antrum was also possible for all three cases, even though the fraction of the
panoramic region that we were able to compute, differ in the three cases. In the case of the two phantoms nearly
the entire region is covered by the panorama, while we could only stitch a fraction of it in the recording of the
real patient (Figure 5).

Creating a partial panorama of the body of the stomach along the greater curvature was also possible. In case
of the two phantoms, the panorama images consist of up to 32 single tiles for the first phantom and up to 68 tiles
for the second phantom. Stitching the real patient data was much more complicated, as there were challenges
with fast movements of the endoscope tip (Figure 6). Moreover, the tissue surface often left the focal range of
the endoscope. Currently, we were not able to create panorama images of the region around the lesser curvature
with sufficient quality.

All panoramas were generated by our “Endorama” software. The calculations were performed in real-time, so
the calculation time of a panorama corresponds to the playback time of the video or live stream used.

4 Discussion

For the fundus region we managed to create panoramas that depict nearly the entire region, based on the
phantom video sequences as well as the real world patient data. As expected the current tracking and stitching
algorithm fit quite well on this hemispheric regions. One disruptive factor is the problem that the endoscope
itself is visible due to the retroflexed tip and occludes part of panorama, so that the stitching process is partially
interrupted at the moment. The border regions are partially missing, since the angle of view becomes too low for
the system.

In the case of the antrum, the enlargement of the field of vision was lower than originally expected. Again the
shrinking angle of view and — at least in the real patient data — a change of perspective due to the notch in the
antrum caused the tracking and registration algorithm to lose the correspondence after a while. In the case of real
patient’s data, there is also the special issue that the pylorus will automatically close, as soon the endoscope
passes through. Thus, this automated sphincter muscle contraction may cause problems in the stitching process.
In the phantoms the notch in the antrum was less distinctive as in the real world patient data. So it might be
necessary to evaluate additional phantoms for our future research, to cover additional variations of the stomach
geometry.

Figure 7: Disruptive factors: remains of gastric juice (left), bubbles during cleaﬁing (right)

As depicted in Fig. 7 (left), a general problem using real world patient data are disruptive factors such as the
remains of gastric juice hiding parts of the tissue surface as well as bubbles that appear during the cleaning
procedure, when the physician is removing these remains.

Another problem is the blur (see Fig. 7, right) due to the low focusing range of the endoscope and fast motions
of the endoscope tips. Under these conditions, it was not possible to extract enough stable und robust image
features in order to track the endoscope tip yet and to register the acquired images with each other afterwards.
Most likely, this problem will be reduced, when it is possible to provide real-time visual stitching feedback to the
endoscopist during the endoscopic examination
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5 Conclusion

We aim to reduce the problem of the limited field of view during examinations in the field of gastroscopy and
thus try to improve the documentation of the results by creating panorama images of the stomach. To mitigate
the complex geometry of the stomach we have subdivided the stomach in four distinct areas, regions or fractions
of them. It was possible to create (partial) panorama images for most regions by using common endoscopes in
the examined test cases. Parts of the body of the stomach are still missing in the panorama. The tracking of the
endoscope tip was done by using only visual information delivered by the endoscope. Due to the complex
geometry and various disruptive factors, the tracking and image registration process need improvements to
handle such interruptions and some geometric conditions. The robustness of the methods must be tested with
additional real world data.
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Abstract Mitral valve diseases are among the major causes of heart failure. For surgical or interventional
treatment of an impaired valve, detailed measurements of the valve geometry are necessary to support the
surgeon in the therapy decision. We propose a labeling and quantification method that separates a valve
surface model into anterior and posterior leaflet as well as leaflet scallops. We evaluated the clinical utility
of our approach by comparing commissure positions and derived parameters between automatically labeled
valve geometry and an expert definition of commissure points in 10 clinical image volumes. The differences in
commissure position and derived parameters are comparable to inter-observer variation.

Keywords: mitral valve, commissures, quantification, geometry

1 Problem

Mitral valve regurgitation is the second most common heart valve disease and is associated with shortness of
breath, impaired physical performance and consecutive heart failure.

The mitral valve is located between the left atrium (LA) and the left ventricle (LV). The valve apparatus
consists of the mitral annulus, to which the anterior and posterior leaflets are attached, and the chordae
tendineae which connect the leaflets to the papillary muscles (Fig. 1 (a)). During the diastolic phase blood
flows through the open valve into the LV, while during the systolic phase the closed valve prevents blood from
flowing back. There are different mechanisms that are the underlying cause for mitral valve regurgitation, for
example chordal elongation or rupture, defects in the leaflets or annular dilatation. Blood then regurgitates into
the atrium during the systolic phase, impairing heart function and increasing preload on the LA. In patients
with mitral valve stenosis, the valve opening is narrowed, increasing pressure in the LA and the pulmonary
vessels during the diastolic phase.

Anterolateral
Commissure

Left ANTERIOR LEAFLET

Atrium -~

Mitral
Valve
. Stenosis
(Narrow  POSTERIOR

valve) | EAFIET

Left Ventricle
Posteromedial

Mitral Valve Regurgitation Mitral Valve Stenosis R

(a) (b) (c)

Figure 1: Illustration of mitral valve anatomy (a)', mitral valve pathologies (b)*, and mitral valve commissures
and subdivisions (b)?.

For mitral valve regurgitation, surgical mitral valve repair is the gold standard therapy resulting in better
long-term survival compared to mitral valve replacement. Options to repair the valve are leaflet reconstruction,
chordae replacement and annuloplasty. The choice of therapy is made based upon pre-operative imaging, as well
as on the surgeon’s personal experience and preference. Clinical imaging modalities such as echocardiography
(US) and computed tomography (CT) are used to visually assess the valve, and to perform measurements such

Images adapted from: Blausen.com staff (2014). ”Medical gallery of Blausen Medical 2014”. WikiJournal of Medicine 1 (2):
10. doi:10.15347/wjm/2014.010. ISSN 2002-4436)
2Image from public domain
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as quantification of the annulus diameter. A detailed model of the valve apparatus can be extracted from
such image data, enabling quantification of parameters like coaptation height and length, leaflet angulation in
relation to the mitral valve annulus, and valve opening area. These parameters can support therapy planning by
providing a more detailed view on the patient’s mechanism of pathology. The goal of this work is the objective
and reproducible commissure detection and quantification of the detailed geometry of the valve apparatus from
an image-based, modality-independent valve model and context information. As medical text books as well as
clinical analysis software that experts are familiar with commonly employ the labeling scheme shown in Fig. 1
(c), it is beneficial to use the same scheme for documentation and reporting of the quantitative assessment.

1.1 Related Work

Approaches for the detection of commissures can be grouped into methods with explicit commissure point
detection, methods which derive the points from model and context information, and manual methods.

Explicit detection methods include multi-layered learning-based shape models that contain models of the
anterior and posterior leaflets as well as of the commissures [3, 7]. A related approach used manual positioning
of the commissures due to the lack of training data [2]. These models were evaluated extensively against manual
annotations of the contained landmarks. A commercial solution offered by the Philips Ultrasounds Mitral Valve
Quantification software has been noted to be accurate in general, but lacking in more complex or unusual
geometry [1].

Implicit detection methods include a multi-atlas segmentation approach with separate atlas labels for anterior
and posterior leaflets [9], and fitting of a shape model with components for both leaflets [8]. The atlas approach
was cross-validated against the manually segmented data sets used for atlas creation.

There have been a number of studies using manual labeling or custom software for commissure detection
and leaflet labeling [10, 13, 14, 4].

Several publications are concerned with the detection of commissures and segmentation of two separate
mitral valve leaflets. All automatic approaches require extensive training on specific image data, as well as
substantial context information in the data to locate the commissures. There is few evaluation data on the
detection accuracy of the commissures [3]. We aim to detect the commissures in a valve surface model, supported
by minimal image-based context information, and to evaluate the accuracy against expert observers.

2 Material and Methods

2.1 Data and Preprocessing

We used ten contrast-enhanced 4D computed tomography angiography (CTA) acquisitions (Siemens SOMATOM
Definition Flash, Siemens, Germany). The images were acquired pre-surgery of adult patients diagnosed with
different degrees of mitral valve insufficiency and scheduled for surgical or transcatheter cardiac intervention.
The 4D volumes were reconstructed using retrospective ECG gating and a B30f kernel, and show the heart and
surrounding structures.

A prototypical application based on the MeVisLab platform [11] was used for segmentation. Two clinical
experts extracted LV, LA and aorta masks and an open-state, mesh-based mitral valve surface model for each
volume using the approach proposed by Tautz et al. [12] (Fig.2 (a)).

(b) (c)

Figure 2: LV and LA mask and valve surface model extracted using the approach proposed in [12] (a). Annulus
plane (b). Valvular azis defined by the annulus and orifice centers (c).
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2.2 Labeling of Valve Leaflets

Our labeling approach is based on the automatic detection of commissures to subdivide a valve surface model
into the anterior and posterior leaflets and leaflet components.

The annulus plane is defined by the shortest eigenvector of the principal component analysis (PCA) of all
annulus points, and annulus and orifice centers as the centers of gravity of the PCA of the respective points.
The connection of these centers is the valvular axis (Figs. 2 (b) and (c)).

The orientation of the mitral valve surface model with respect to the patient coordinate system is derived
from the aorta mask. The boundary points of the surface model closest to the aorta mask form a first estimate
of anterior annulus points (A¢). The medial point of A¢ is labeled as anterior anchor point (Panchor) (Fig. 3
(b)). Annulus and leaflets are bisected by panchor and it’s opposite point on the annulus into two paths A; and
As of equal length L (Fig. 3 (¢)).

Starting from the anterior anchor point, the commissures are searched along both paths in a subrange
assuming a typical ratio between anterior and posterior annulus circumference of 1:2 [6, 5] (Fig. 3 (d)). Each
subrange is defined by a start and an end point as

Pistart = P € A, NAc ‘ d(p) = min (di,mawa 0.30 - L) ;1€ {1, 2} (1)
Pi,end = P € A;NAc | d(p) = max (di,ma;m 0.35 - L) J1 € {1, 2} (2)

with
b = i d(p).i € {1,2) ®)

and d defining the path length between the anchor point pancnor and a point p along A; as

p
dp)= [ ds (4)

Panchor
For each annulus point, the corresponding orifice point is found by locating the closest point on the orifice along
the valvular axis. The shortest path between the annulus point and the corresponding orifice point along the
surface defines the leaflet height for one section. The shortest section is considered the commissure (Fig. 3 (e)).
The commissures are labeled as anterolateral and posteromedial based on the valve orientation derived from
the anterior anchor point.

(a) (b) (©) (d) (e)

Figure 3: Valve surface model (blue) from segmentation (view orientation towards posterior), with LA and LV
(orange) and aorta (red) surfaces (a). Initially estimated anterior annulus and anchor points (b), paths of
the bisected annulus (c), subranges for commissure search along the annulus as defined by Egs. 1 and 2 (d),
commissures and leaflets labeled as anterior and posterior (e).

Both leaflets are then trisected into parts with equal annulus path length to allow analysis on leaflet com-
ponent level, in particular for the clinically relevant A2 and P2 components [6] (cf. Fig. 1 (¢)).

3 Results

For evaluation, two experienced cardiac surgeons marked commissure points on all 10 surface models. During
annotation, they had access to the underlying image data.

First, we inspected the cases visually. Then differences between the commissures positions and derived
leaflet parameters such as anterior circumference and leaflet height were assessed quantitatively.
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3.1 Visual Comparison

All cases were analyzed qualitatively by the author and the respective observer during the annotation. According
to expert feedback, the detection of the commissures worked well in most cases (Figs. 4 (a) and (b)), but in
general underestimated the extent of the anterior leaflet (Figs. 4 (c) and (d)). In some cases, the estimated
commissure points differed considerably from the expert definition (Figs. 5 (b) and (c)).

Anterior
A3
A2
Al

Posterior
P1
P2
P3

(a) (b) (c) (d)

Figure 4: Leaflet segmentations where the automatic approach (a, c) closely matches the commissures defined
by the user (b, d). View orientation towards the apex. Note the general underestimation of the anterior leaflet
(a, b), and the minor differences at both commissures (c, d).

Anterior Circumference

\AZ Height

Posterior Circumference P2 Height

(a) (b) (c)

Figure 5: Measurements on the labeled surface: anterior and posterior annulus circumference, and A2 and P2
heights (a). Leaflet segmentation where the automatic approach (b) differs considerably from the commissures
defined by the user (c). View orientation towards the apexr. Note the differences in commissure positions, in
particular at the anterolateral commissure.

3.2 Quantitative Assessment of Valve Leaflet Labeling

We calculated the differences between automatic and user-defined commissure positions to evaluate the agree-
ment with the reference positions (Table 1). The variation of the commissure positions defined by the observers
was comparable to the variation between user definition and automatic detection. We also derived clinically
relevant measurements (Fig. 5 (a)): the anterior and posterior annulus circumference, and the maximum height
of A2 and P2 leaflet components (Table 2). For calculation of the anterior and annulus circumferences, the
annulus positions were projected to the annulus plane.

Differences in the commissure position are strongly visible in the annulus circumferences, while the A2
and P2 heights are more robust with respect to the commissure definition. The automatic detection in general
underestimated the anterior leaflet when compared to the expert definitions. User 2 positioned the posteromedial
commissure systematically closer to the aorta than user 1.

4 Discussion
The variation in the commissure point detection and the derived parameters between users and automatic leaflet

labeling is comparable to the respective inter-user variation, with a mean error of 9.11 £+ 6.15 mm between
automatic and user-defined commissure and of 8.19 4+ 8.56 mm between users. The inter-user agreement is



CURAC 2018

Signed Distance on Annulus [mm] Anterolateral Commissure | Posteromedial Commissure | Commissures Combined
Method 1~ Method 2 min median max min median max min median max
Automatic  User 1 4.66 9.51 22.62 0.00 12.47 19.07 -4.66 11.12 22.62
Automatic  User 2 1.50 11.34 24.20 | -10.81 0.72 5.95 | -10.81 4.51 24.20
User 1 User 2 -12.53 0.00 14.94 | -26.14  -11.00 0.00 | -26.14 -0.43 14.94
Absolute Distance on Annulus [mm] |

Automatic  User 1 2.62 9.51 22.62 0.00 12.47 19.07 0.00 11.12 22.62
Automatic  User 2 1.50 11.34 24.20 0.00 4.51 10.81 0.00 7.33 24.20
User 1 User 2 0.00 2.96 14.94 0.00 11.00 26.14 0.00 4.21 26.14

Table 1: Signed and absolute distances between commissures from automatic detection and user input along the
annulus. Negative values indicate that method 2 detected the commissure closer to the anterior anchor point
than method 1. Minimal absolute distances have been highlighted.

Measurement [mm] Anterior Circumference | Posterior Circumference A2 Height P2 Height

min median max min  median max min median  max min median = max
User 1 48.28 63.50 80.58 | 63.14 72.70 79.31 | 14.51 22.68 27.35 | 13.97 21.34 31.74
User 2 45.79 53.70 66.65 | 64.96 78.98 103.16 | 17.99 20.86 25.87 | 13.97 21.22  31.66
Automatic 38.10 43.33 51.67 | 71.96 92.19 108.37 | 11.70 21.03 2735 | 13.97 23.17 31.74

Difference [mm)]
Method 1~ Method 2

Automatic  User 1 9.28 2291 36.05 8.82 22.90 36.41 0.00 0.19 5.16 0.00 0.05 6.01
Automatic  User 2 1.08 9.82 22.78 1.19 10.10 23.02 0.00 1.48 10.45 0.00 0.41 6.07
User 1 User 2 0.00 6.13 27.42 | 0.00 5.95 27.36 0.00 1.39  7.64 0.00 0.34 6.83

Table 2: Anterior and posterior annulus circumferences and A2 and P2 leaflet heights from automatic and
user-defined commissures pooled over all cases. Minimal differences have been highlighted.

higher than the agreement of either user with the automatic detection (Table 1). Grbic et al. reported a mean
error of 2.75+1.19 mm between expert ground truth and automatically fitted landmarks, and a mean inter-user
error of 1.97 +£ 1.4 mm. These errors have been averaged over seven mitral valve landmarks, including both
commissures.

The users expected more pronounced commissures in the valve model. We assume that the underlying
segmentation method is not able to detect this as accurate as desired, and that the results of both manual and
automatic analysis would improve with more accurate imaging and segmentation approaches.

A limitation of the automatic approach is that it only considered the annulus shape and position relative to
the aorta as anatomical information, whereas the clinical experts also interpreted the available image information
during annotation. This suggests that using an extended anatomical model, including structures such as the
coronary arteries or other valves as suggested in [2], could further improve our method.

5 Conclusion

We have presented an approach to automatically detect the mitral valve commissures in a surface model
supported by an aorta segmentation. The valve model is separated into anterior and posterior leaflets, as well
as into sub-leaflet components. The automatic quantitative assessment of the anterior and posterior geometry
has been compared with annotations by clinical experts. To our knowledge, this is the first detailed comparison
of automatically detected and manually defined commissure points. The results demonstrate principal clinical
utility of the leaflet quantification based on the automatic commissure detection. The presented labeling
scheme will be used in the automatic reporting of the location of valve pathologies such as calcification and
leaflet prolapse.

Further work will focus on the improvement of the underlying anatomy detection in order to integrate more
context information in the labeling process.
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Abstract

Hyperspectral imaging (HSI) is a new imaging method in medicine. It combines the principles of spectroscopy
with imaging. The approach is non-invasive and the acquisition is performed contactless. HSI systems record 3D
hypercubes of data including the absorption spectra corresponding to the tissue surface. No image data is
directly available. Tissue characterization can be performed based on the spectra, in order to perform an
automatic classification and identification of target structures. Therefore, the goal of this work is to study the
feasibility of tissue characterization and classification based on HSI data on three medical applications: the
discrimination of the thyroid and parathyroid, the classification of intestine perfusion during ischemia and the
identification of organs of the abdomen. First results showed that organs and different perfusion states have
specific spectral features. These features could be used in computer-assisted algorithms for automatic tissue and
perfusion classification.

Keywords: visceral surgery, operating room, tissue spectroscopy

1 Problem

Hyperspectral imaging (HSI) is a relative new optical approach which combines a visual camera with a
spectrometer. It is a contactless and non-invasive method which requires no contrast agent. The measurement
principle consists in illuminating the object under examination and in measuring the reflected light. The
spectrum of the emitted light varies according to the application. The reflected light is split and analyzed
according to the different wavelengths of the light spectrum. Therefore, a 3D cube of data, also called 3D
hypercube, is recorded. The X- and Y-axis represent the spatial dimensions while the Z-axis is the spectral
dimension. This approach is described as imaging technique because it measures a 2D spectral cartography of
the object surface although it does not provide any images directly.

HSI is being evaluated in the medical research field since the beginning of the 2010’s [1]. Commercial camera
systems are transportable, easy to use and therefore suitable for medical applications. The main applications are
the diagnosis and monitoring of scares [2], the assessment of tissue perfusion [3], also in the case of peripheral
vascular diseases [4], the identification of tumors [5], especially brain tumors [6], or other structures like the
nerves and ureter [7].

Some approaches developed for the discrimination of tissue consist in computing spectral parameters from the
measured absorption spectra. Their values are depicted in false color images for visual interpretation. Examples
of functional parameters are the oxygenation StO2, the NIR Perfusion- , the Tissue Hemoglobin- and the Tissue
Water Index [3]. Also, the discrimination can be performed automatically using computer-assisted algorithms.
For example classification methods based on machine learning approaches like support vector machines,
artificial neural networks, random forest or K-nearest neighbors were implemented to automatically discriminate
brain tumor from healthy tissue [8].

In this work, we present an approach for the characterization and automatic discrimination of tissue of the
gastrointestinal tract. Preliminary results are presented on three different applications, which are 1.
discrimination of the thyroid and parathyroid glands, 2. classification of perfusion states of the intestine and 3.
identification of organs of the abdomen.
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The parathyroid gland is a small endocrine gland in the neck area. Humans usually have four parathyroid glands
which are located on the back of the thyroid gland. During thyroid and parathyroid surgery, the discrimination of
both glands can be challenging. There is so far no standard imaging method to identify the parathyroid gland. In
the context of research, low dose methylene blue together with NIR (near-infrared) cameras was tested to
identify the parathyroids during neck surgery [9]. The limitation of this technique is the use of a contrast agent,
administered prior to surgery and which is potentially neurotoxic at higher doses. Recently, the autofluorescence
property of the parathyroid was evaluated. This approach consists in exciting the fluorophores included in the
parathyroid with a light source from 750-785 nm. The gland emits as response a fluorescence peak around 820
nm which is larger than for the thyroid and background [10]. Autofluorescence imaging is a promising technique
for the discrimination of the parathyroid. However, the measured signal is still too low to reach a visual
discrimination of tissue intraoperatively [11].

Acute mesenteric ischemia is a frequent disease in old and ill patients. Consequences are the injury of the small
intestine due to insufficient blood supply. Therapy is often performed in urgency and consists in the
revascularization of tissue and the surgical resection of necrosis. The visual assessment of tissue perfusion is
however subjective.

2 Material and Methods

The HSI system TIVITA™ Tissue (Diaspective Vision GmbH, Am Salzhaff, Germany) was used for the
acquisition of the patient data sets. The system includes a CMOS camera providing images with resolution of
640 x 480 pixels, a spectrometer measuring light spectra in the range of 500 to 1000 nm with 100 channels
(resolution of 5 nm) and an illumination component of 6 halogen lamps of 20 W each. The camera lens of the
system works with a fixed focus at 30 cm distance. The camera system is attached to a side arm of a medical cart
carrying the PC and a monitor to display the images intraoperatively.

The HSI measurements were performed at the University Hospital of Leipzig. The study protocol was approved
from the ethics committee of the Leipzig University. During the acquisitions, the window blinds of the operating
room were closed, the headlamps were switched off and the theatre lights turned away, in order to avoid
disturbances from ambient light. Right after the acquisition of the 3D hypercubes (approximately 20 seconds),
target structures were manually annotated as regions of interests (ROI) by a surgeon in the RGB images
provided by the camera system and using the custom analysis software panel.

1. In this work HSI is used to record spectral data of seven patients during thyroid and parathyroid surgeries. The
absorbance spectra of both glands were averaged on the set of patients and the standard deviations were
computed. They were visually analyzed to extract specific spectral signatures for both glands with the objective
to obtain an automatic classification. In a first approach these specific spectral signatures were used to build up a
decision tree with the classes thyroid, parathyroid and background.

2. HSI data of one patient with acute mesenteric ischemia was acquired during surgery. The absorption spectra
corresponding to healthy tissue and necrosis areas were plotted and analyzed. Thresholds of the absorbance
values were defined from the visual inspection of the spectral signatures. These thresholds are integrated in a
decision tree which classifies each pixel as necrotic tissue, critical tissue or background. The first two classes
were overlaid as color map over the RGB images.

3. In HSI measurements of one patient depicting different organs of the abdomen, different target structures,
liver, stomach, colon, ileum and peritoneum, were annotated. The corresponding absorbance spectra were
visually analyzed to point out specific spectral signatures. Classification of organs was done using a principle
component analysis (PCA) and k-means clustering.

3 Results

3.1 Discrimination of the thyroid and parathyroid

Figure 1 shows the averaged normalized absorbance spectra of the in vivo thyroid and parathyroid with standard
deviations. The first observation is that the water and deoxygenated hemoglobin peaks are clearly visible at 960
and 760 nm. Secondly, the averaged spectra of the thyroid show a lower absorbance in the range 600 to 750 nm
and a larger absorbance in the range 800 to 1000 nm in comparison with the parathyroid. This means that the
thyroid is in average better oxygenated than the parathyroid and that the water content is larger for the thyroid.
These differences can be used as spectral signature to characterize and discriminate both glands.
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Figure 1: Averaged standard normal variate (SVN) transformed spectra with standard deviation
(dotted lines) corresponding to the in vivo thyroid (blue) and parathyroid (red).

The feasibility of the development of classification algorithms based on these spectral signatures was studied.
For that, the second derivatives of the absorbance spectra of one patient datasets depicting clearly both structures
were plotted to enhance the minor spectral features independently from the baseline (Figure 2). Thresholds in
four spectral regions, at 610 nm, 660 nm, 760 nm and 965 nm, build up a decision tree to classify each
absorbance spectrum. These thresholds correspond also to the differences noticed in the mean absorbance
spectra: 610 and 660 nm for the oxygenation state, 760 and 965 nm for the deoxygenated hemoglobin and water
content. The result of the classification was visualized with two colors, green for the thyroid and red for the
parathyroid, and overlapped on the RGB images (Figure 2)

0,02 :
—Parathyroid
—Thyroid
0,01
thyroid g
8 0
Wroid —» § 1 t
< .0,01 t
2
©
Z -0,02
@
o
2 .003
o~
-0,04
550 600 650 700 750 800 850 900 950 1000
Wavelength (nm)

Figure 2: Right: second derivative of the mean absorbance spectra of the thyroid (blue) and
parathyroid (red) of one patient. The arrows indicate the wavelengths of interest included in the
classification algorithm. Left: RGB-image (above) and result of the classification (bellow).
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3.2 Classification of intestine perfusion during ischemia

The mean absorbance spectra of the intestine depicted in Figure 3 show that the content of hemoglobin (500 to
600 nm) is lower in necrosis than in healthy tissue. A local peak at 630 nm, assumed typical for necrosis, is
clearly visible on the blue and green curves. The larger absorbance of the necrosis in the 600 to 700 nm range
means a lower oxygenation of tissue in comparison with healthy tissue.

Figure 3: Mean absorbance spectra of four regions of interest selected in healthy and necrotic
areas of ex vivo intestine part. The spectra of the necrosis show a typical local peak at 630 nm.

Features were defined to characterize necrosis and critical tissue. The detection of the peak at 630 nm was
performed based on the first derivative of the absorbance spectra. A second parameter was computed as the
average of the StO2 and NIR Perfusion indices. A detailed description and validation of these parameters can be
found in Holmer et al. [12]. If the parameter value is smaller than 30% the perfusion in tissue is considered as
critical. A decision tree based on the previous features was implemented to classify ex vivo intestine tissue in
necrosis, critical and healthy tissue. Figure 4 shows the result of the classification on one data set.

Figure 4: Automatic classification of the perfusion state of ex vivo intestine during mesenteric
ischemia. Left: the necrosis is visible as dark tissue in the RGB image. Right: classified necrosis
and critical tissue are depicted in red and purple. The remaining part of tissue was classified as
normally perfused or ignored because of reflection artefacts.

3.3 Identification of organs of the abdomen

The absorbance spectra of the HSI data showed different behaviors according to the organs. Especially, the liver
shows the characteristic absorption spectrum of bile (600 — 750 nm), which is produced in that organ [13]. The
fat peak (930 nm) is well depicted in the absorbance curve of the ileum and the water peak (960 nm) is low,
likewise to the peritoneum. The stomach and colon curves are very similar. Their water content is, like for the
skin, larger compared to the other structures as shown in Figure 5. Using a principle component analysis (PCA)
and k-means clustering it was possible to discriminate the liver, ileum, peritoneum and skin, which is illustrated
in Figure 5. Stomach and colon belong to a separated class but could not be differentiated.
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Figure 5: Mean absorbance spectra of regions of interest selected in different in vivo organs of the
abdomen (4). Automatic identification of different organs in the abdomen area based on a PCA

(B).

4 Discussion

In this study we demonstrate the feasibility of automatically discriminating organs and different tissue perfusion
states based on HSI data with high spectral und spatial resolution. The described HSI-system is designed for use
in wound diagnostics. For applications in open surgery, improvements are under development. This includes
focused illumination to light up tissue deep in the body and correct for surrounding light during surgery. The
automatic estimation of the object distance will in future decrease the time needed to get a focused image. A
main limitation of this work is the restricted number of patient data, which makes it difficult to compare the
results with other work. The analysis of further patient data has to be performed to confirm these preliminary
results. Afterwards machine learning methods can be implemented and evaluated for intraoperative classification
of tissue.

5 Conclusion

The intraoperative discrimination of tissue is of great interest for different surgical applications. This work
demonstrates, that HSI with high spectral and spatial resolution is suitable for contact-free, non-invasive and
rapid intraoperative assessment of different tissues. Organs and perfusion states of the intestine showed specific
spectral features in HSI. These signatures were used in computer-assisted algorithms to automatically
discriminate target structures and assess tissue perfusion. Such tools could assist the surgeon for intraoperative
decision making process.
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Abstract

Assistance systems improve the quality of treatment by showing the surgeon appropriate aids in the individ-
ual phases of a surgery. Often, the surgeon has only partial knowledge about the situation due to occlusion
or the fact that the patient cannot be looked into. To increase the chances of success in surgery with a high
demand on precision, a concept and implementation for providing missing data directly using augmented reality
1s introduced. This work addresses pose estimation of surgical tools, which is a required component for such
an assistance system. First, we segment the tool in the color image based on a deep neural network and fuse
this gathered information with the depth image. We then perform a model fitting to estimate the tool model
parameters and its pose in 3D. The implementation and evaluation is based upon a catheter for ventricular
puncture.

Keywords: Deep Learning, Semantic Segmentation, 3D Pose Estimation, Ventricular Puncture, PCA

1 Introduction

Computer vision for imaging methods like magnetic resonance imaging (MRI) and computer tomography (CT)
already found its way into routine clinical practice. Simple tasks like segmentation of organs, but also more
complex challenges like detecting malignant tissue can be achieved by using machine learning techniques. [4].
Augmented reality (AR) enables to visualize the gathered data during surgery. For example, it can be used in
computer-aided neurosurgery [9] to minimize excision of benign tissue by displaying tumorous areas.

Procedures like a ventricular puncture, in which a catheter penetrates several centimeters through brain
tissue before it reaches the cerebrospinal fluid (CSF), require a precise manipulation of surgical tools [15]. AR
can be utilized to display information such as the position of the venctricular system, optimal penetration
orientation of the catheter as well as the position of the catheter’s tip. In addition, the status of the procedure
can be monitored by tracking the catheter. When the catheter enters the head, it can be followed up in the AR
scene.

2 Material and Methods

2.1 Experimental Setup

We used a RGB-D camera, an Intel Realsense SR300, that provides texture and direct depth data. In our ex-
periments, the camera was mounted statically on a tripod. A phantom head from Synbone (www.synbone.com)
was placed on a patient table. The head was partially covered by surgical covers. Different light situations
were produced using a surgical lamp. In our setup we used a machine learning workstation with an Intel Core
i7-8700K (3,7GHz), 64GB RAM and a Nvidia GeForce 1080 Ti GPU.

2.2 Segmentation of Color Images

To segment the surgical tool in the image, we employ a Full-Resolution Residual Network based on the FRRN-A
architecture proposed in [8]. By using a pooling and a residual stream, the network is able to achieve good
classification results as well as pixel accuracy.

The input image is first processed by residual units and then split into two streams. The pooling stream
undergoes multiple convolution and pooling operations to gather information on object level. Alongside, the
residual stream is enriched by this information but on full image resolution which requires an up-sampling.



CURAC 2018

The described computation of pooling and residual stream is summed up as Full-Resolution-Residual-Unit
(FRRU). Multiple FRRU’s in sequence will yield the Full-Resolution-Residual-Network (FRRN). In contrast to
the original FRRN-A architecture we changed the last layer to consist of 2 output units to be able to perform
a two class classification. Although, it would be possible, to use only a single output unit in this case, we
highlight the ease of extensibility to segment multiple classes of tools.

As a cost function, we use the categorical cross entropy with a slight adaption by only considering the
worst k pixels as favored in [8] and perform backpropagation using the Adam optimizer [5] and augment the
dataset by horizontally mirroring the image and varying gamma. We are therefore able to perform an accurate
segmentation for fine image structures.

2.3 Generation of Training Data

As there was no dataset available for this specific task, it had to be generated in a preferably (semi-)automatic
fashion. In [14], the authors showed, that a neural network that was trained on segmenting single objects is
able to segment complex scenes with multiple objects. Furthermore, they generated pixel-accurate foreground
masks for known scenes and camera viewpoints.

Based on this idea, we put the camera statically into the scene and labeled it initially as completely being
background. Afterwards, we added a single object to the scene which then was segmented by means of color
and depth image segmentation.

s

Figure 1: Segmentation based on color image (top) and depth image (bottom). From left to right: Image with
catheter, background image and segmentation. The camera position is similar for all images.

Fig. 1 shows an exemplary segmentation based on color and depth image. The main challenges regarding the
color segmentation are the robust handling of tool shadows and general illumination changes. As a consequence,
we choose a Gaussian mixture based approach [16] that is able to tackle the issues by using a dynamic background
model. When performing depth image based segmentation, a pixel precise registration of color and depth image
is required. We create a background depth map and perform a distance based segmentation. To train our
network, we created 3 datasets with the extend shown in table 1.

Dataset 1 2 3

Scene Desk | Surgery | Surgery with additional items
Training images 5000 5000 4000

Validation images | 2000 1500 1500

Table 1: Datasets.

We focused on generating different scenes by means of different objects, lighting conditions and viewpoint.
An exemplary image for each dataset is given in figure 2.

2.4 3D Pose Estimation

We combine the segmented part of the image and the depth image to generate a point cloud of the tool. Due to
inaccurate segmentation, a robust clustering is required. We apply a density based clustering algorithm [3] which
suppresses falsely detected points and makes it possible to identify multiple objects of the same type. These
clusters are individually registered to a reference model based on their type. Here, the catheter is modeled as a
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Figure 2: Exemplary images of the generated datasets.

cylinder with known diameter. We use a principal component based approach which has shown to be robust.
The eigenvector corresponding to the greatest eigenvalue indicates the direction of the cylinder. The length
might vary due to occlusion.

2.5 Detection and Tracking of the Catheter Markings

When the tool is inserted into the brain, the tip is no longer visible. To estimate its position, we track the
markings on the catheter indicating the depth of penetration. We use a convolutional neural network (CNN)
to extract and match features from hidden layers of the network. As a similarity measure, we choose the cosine
similarity that has been widely used in computer vision as a similarity measure for HOG descriptors [12] and
features extracted from a CNN to perform place recognition [7]. Exploiting the activation of convolutional
feature maps was also used for tracking [6], [11], [13].

Therefore, we employ the popular VGG16 [10], a CNN that has been trained on ImageNet [1]. Although it
has been designed to perform an ambitious classification task, we focus on the activation of hidden cells but not
on the final classification layer. We first take a reference image and apply the semantic segmentation described
earlier in this paper to localize the tool in the image. We then perform the forward pass for the reference image
using VGG16 and select and rank the features belonging to the tool as depicted in 3. Then in the same fashion,
we proceed with the second image and so on to search for the best match in the extracted feature vectors.

Figure 3: Tracked markings of the catheter.

3 Results

3.1 Segmentation Evaluation

To evaluate the performance of the neural network and its ability to generalize, we have created several validation
data sets. This includes variations of the tool itself in the form of different orientations in the image, because
the CNN is not invariant against rotations and variations of the scene. The camera can also be mounted at
different positions in the scene such that the distance to the patient and the tool might vary as well as the
lighting conditions. Each dataset consists of approximately 1500 images in which the catheter is partially or
fully visible. We use precision and recall as well as their harmonic mean, the F1-Score as metrics [2]. Accuracy
in this case is not meaningful due to the imbalance between background and foreground pixels.

The results shown in table 2 highlight that the prediction is not invariant against different rotations of the
instrument. If the catheter is placed vertically in the scene, precision and recall are dropping significantly. If we
change the lighting conditions recall is dropping but precision is still high. This indicates that for the network
it is becoming harder to detect the tool if the contrast to the phantom head is decreased. If we cover the
head partially the contrast is enhanced and prediction improved. By increasing the distance to the patient, the
amount of pixels belonging to the tool decreases which makes precision become more affected by outliers.

In figure 5 there are some representative training results shown that indicate a good handling of noise during
training (first and second column). In some situations the prediction yields better results than the training data
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(e) (£) () (h)

Figure 4: Validation datasets. Images corresponding to the datasets listed in Table 2.

Surgery | Surgery Catheter | Catheter | Catheter Bright, Increased
Dataset 1 (a) 2 (b) horizontal | vertical | diagonal | Bright (f) patient distance
(¢) (d) () covered (g) (h)
Precision | 84.1% 64.0% 77.1% 47.7% 81.0% 59.0% 72.9% 11.5%
Recall 58.7% 61.9% 51.2% 19.2% 31.0% 15.4% 43.1% 55.8%
F1-Score | 69.2% 62.9% 61.6% 27.4% 44.9% 24.4% 54.1% 19.0%

Table 2: Evaluation results for semantic segmentation.

(third column) because the network has learned to generalize. On the other hand, insufficient good training
samples will lead to poor prediction (last column).

Figure 5: Selected training samples: color image (top), training data (center) and prediction (bottom).

3.2 Evaluation of Model Fitting Performance

To evaluate the model fitting, we recorded about 500 frames in which the catheter was fully visible. The model
length estimation should yield 34.5 cm which is the known length of the catheter.

First, we placed the catheter in front of the camera (frames 1-100). As shown in fig. 6, the length prediction
is fairly stable but biased. We then moved the catheter’s tip towards and away from the camera (frames 100-
250) such that the length estimation became a bit worse. Afterwards, we moved closer to the image border
(frames 250-350). Under this condition, the prediction is limited due to the depth prediction capabilities of the
camera. This can be identified in the right part of fig. 6 where there are no points visible at the shaft close to
the hand. We then brought the catheter back into the image center (frames 350-450) and the estimated length
became more stable again. In the last frames, the catheter was rotated away from the camera and was therefore
hard to be recognized (frames 450-500).
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Figure 6: Left: predicted catheter length, right: RGB point cloud with overlaid semantic point cloud (blue)
and predicted catheter model (green).

4 Discussion

As shown in the evaluation, the semantic segmentation is capable of segmenting fine image structures like
the catheter for ventricular puncture. The performance issues can be explained by systematic errors in the
creation of the training datasets and the coverage of different situations as well as the accuracy of the labels.
To compensate these shortcomings, it seems reasonable to extend the training dataset. One way to automate
this could be the use of two industrial robot arms: One to manipulate the position of the camera and a second
to do the same with the tool. With the known pose of the tool and camera the segmentation of the training
data can be enhanced and simplified.

Furthermore, it has been shown that the quality of depth estimation has a huge impact on the overall system
performance. The employed consumer camera seems to have a limited utilizability for the described task. In
early experiments, we also noticed that the depth prediction fails for dark or reflective surfaces like scalpels
or scissors due to the projection technique for depth computation. To cope with reflective tools, time-of-flight
sensors in combination with a color camera might be a prospective alternative to the Intel RealSense. The
FRRN currently runs with 11.7 Hz for an image size of 512x256 pixels. For a real-time application at least 25
Hz are required. Cropping the image based on the previous position of the tool would immensely increase the
segmented frames per second (FPS) as we already reach 38 FPS at half scale. Remarkably, the input size of
the FRRN is not fixed as it lacks fully connected layers. Therefore, for a combination of the detection of the
catheter’s markings and the pose estimation, a fusion algorithm like the Kalman filter seems promising. The
aim is to expand the current system to segment the whole scene and to determine the involved entities including
the surgeon, the patient, the operating table and different tools. This would provide additional information
that can be used, e.g. for surgical workflow analysis. This can be achieved without any algorithmic change to
the applied training algorithm due to the fact that the approach can easily be adopted to multiple classes.

5 Conclusion

We have shown that segmentation of a surgical tool in the color image and subsequent combination with the
depth image allows to perform an accurate pose estimation of parameterized models. The segmentation has
already shown reasonably good performance for different situations that we investigated in section 3, although
the amount of training data is quite limited. We carved out influencing factors diminishing the overall system
performance that will be addressed in future work.

We showed that a highly accurate semantic segmentation is feasible in complex situations. Further studies
should address clinical applicability, e.g. in an operating room. In the beginning, the ventricular puncture
scenario would be well suited, as the surgical scene is clearly visible and the medical procedure is defined
precisely. In ventricular puncture, the surgery can be followed by an estimation of the tool pose. This is an
advantage for the patient, as the angle and penetration depth can be determined. This minimizes errors. It is
of interest to combine this approach with an augmented reality based surgical navigation system. This offers
the possibility to increase the surgeon’s perception in order to get better prepared and accessible information
about the surgery and the status of the patient. This can be of particular advantage in dynamic and highly
complex scenarios such as the operating room.
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Abstract

Diese Arbeit evaluiert das Potential kiinstlich erzeugter Trainingsdaten fir die automatische Erkennung von
Instrumenten anhand eines Convolutional Neural Networks (CNN). Die automatisierte Erkennung bildet eine
zentrale Informationsquelle fir die Workflowerkennung und Kontrollsysteme. Diese Systeme konnen das OP-
Personal entlasten und die Patientensicherheit erhohen. Es wurde einerseits eine Infrastruktur fir die Gene-
rierung von Trainingsbildern fiir diesen Anwendungsfall geschaffen und andererseits wurden die Parameter und
Klassifikationsgenauigkeiten des Trainings evaluiert. Hierfir wurden Modelle der Instrumente fiir das Rende-
ring einer kiinstlichen Szene erstellt. Anhand der generierten Trainingsbilder wurde ein Finetuning des AlexNets
durchgefiihrt, das dann anhand von echten Bildern aus dem Demo-OP des ICCAS evaluiert wurde. Wéhrend die
Erkennung auf Bildern einzelner Instrumente gute Klassifikationsgenauigkeiten fiir Instrumentenklassen erzielte
fiihrte die Anwendung auf Bildern mit mehreren Intrumenten lediglich zu unzureichenden Ergebnissen und muss
daher in zukiinftigen Arbeiten weiter untersucht werden.

Keywords: Instrumentenerkennung, Maschinelles Lernen, Kiinstliche Trainingsdaten, Operationsassistenz

1 Problemstellung

Der moderne Operationssaal ist gepriagt von komplexen und teils hochgradig individualisierten Abldufen, einer
hohen Personaldichte, ausgeprigten Interaktionen verschiedenster Akteure und technischer Systeme. In dieser
Arbeitsumgebung koénnen digitale Unterstiitzungen Prozesse vereinfachen, eine automatisierte Dokumentati-
on erméglichen und die Patientensicherheit erhdhen [1]. Solche Unterstiitzungs- und Kontrollsysteme basieren
héufig auf der Erkennung des momentan verwendeten Instrumentes als Indikator der aktuellen Operationsphase
[1, 2]. Bisherige Arbeiten zur Instrumentenerkennung erfordern jedoch hiufig eine Modifikation der Instrumen-
te oder bendtigen eine weiteres in den Operationssaal zu integrierendes System. Ein genereller Nachteil der
Nutzung optischer Systeme zum intraoperativen Instrumententracking, wie beispielsweise die Verwendung von
Barcodes [3], farblichen Markierungen [4] oder dem Abgleich von Kamerabildern mit Ontologiewissen [5], ergibt
sich aus der Einschréinkung des Bewegungsablaufs beim Greifen nach und Ablegen der Instrumente aufgrund
der Notwendigkeit, optische Verdeckungen zu vermeiden. Die Notwendigkeit der Modifikation der Instrumente
bei momentan existierenden Ansétzen, fithrt zudem zu einem erhohten finanziellen und zeitlichen Aufwand. Des
Weiteren wird in einigen Féllen dadurch das Sterilisieren der Instrumente erschwert. Auch die Notwendigkeit
weitere Systeme in die OP-Umgebung zu integrieren und Wechselwirkungen auszuschlieen, wie beispielsweise
bei der Verwendung von RFID-Sensoren [6], stellt einen zentralen Nachteil bisheriger Systeme dar.

Diese Nachteile adressiert der Ansatz lediglich eine Kamera und unmodifizierte Instrumente zu verwenden und
die Instrumentenerkennung anhand eines CNNs durchzufithren. CNN sind eine auf die Bildklassifikation aus-
gerichtete Spezialform Kiinstlicher Neuronaler Netze und finden auch im medizinischen Kontext zunehmend
Anwendung. Es handelt sich hierbei um einen Ansatz aus dem Bereich des maschinellen Lernens. Eine zentrale
Herausforderung bei der Anwendung von CNNs stellt der groie Datenumfang, der fiir das Training bendtigt
wird, dar. Der Trainingskorpus muss nicht nur méglichst viele Variationen des Anwendungsfalles abdecken,
sondern auch fehlerfrei annotiert sein. Da die Annotation momentan meist noch manuell durchgefiithrt wird,
enthélt sie hdufig Fehler und ist mit einem hohen zeitlichen Aufwand verbunden. Bisherige Arbeiten haben
gezeigt, dass kiinstlich erzeugte Trainingsdaten diese Probleme 15sen kénnten [7]. Sie ermdglichen eine absolut
fehlerfreie Annotation und sind, abgesehen von einem initialen Aufwand zur Erzeugung der Bildgenerierungs-
infrastruktur, ohne groffen manuellen Aufwand leicht skalierbar.

2 Material und Methoden

Die Arbeit umfasst die Generierung der Instrumentenmodelle, die Erzeugung der kiinstlichen Trainingsdaten,
die Auswahl einer Teilmenge dieser und das Training des CNNs. Abbildung 1 zeigt den generellen Ablauf
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Abbildung 1: Ablauf des Vorgehens vom Rendering bis zur Klassifikation

Abbildung 2: Ubersicht iiber das Vorgehen

des Vorgehens vom Rendering bis zur Klassifikation und die verwendeten Technologien. Abbildung 2 zeigt
schematisch die Verwendung der generierten Bilder fiir das Training und die Klassifikation.

2.1 Modellgenerierung

Aufgrund der unzureichenden Qualitét der von einem 3D-Scanner erzeugten Modelle, die auch durch verschiede-
ne Oberflichenmodifikationen der Instrumente nicht signifikant verbessert werden konnte, wurden die Modelle
der Instrumente manuell mit Hilfe der Software Blender erstellt. Die Modellierung erfolgte anhand von Re-
ferenzbildern durch die Komposition geometrischer Grundformen und komplexerer Freihandmodellierungen.
Abbildung 3 zeigt die Modelle der 11 ausgewéhlten Instrumente der Nasennebenhohlenchirugie. Um die Komle-
xitéit der Modelle zu beschrinken wurden die Instrumente beziiglich des Offnungswinkels nur in einem Zustand
modelliert. Diese Einschriankung wurde bei der Aufnahme der realen Bilder entsprechend iibernommen.

Um die Validitat der Modelle fiir den Anwendungsfall zu priifen wurden verschiedene Computervision-Verfahren
zum Bildvergleich in Erwiigung gezogen. Da bei diesen jedoch die Ahnlichkeit eines gerenderten Bildes und eines
realen Fotos von der Ablage des Instruments und dem Blickwinkel sowie der Lichtsituation abhédngen, geniigen
sie fiir die Beurteilung der Ahnlichkeit der echten Instrumente und der Instrumentenmodelle im Rahmen der
Validierung nicht. Die Abschétzung der Validitét bleibt daher der menschlichen Kognition iiberlassen.

Die minimalen Abweichungen in der Modellierung wirken sich nicht stark auf die globale Form des Instruments
aus, sondern haben lediglich lokale Effekte zur Folge. Durch die geringe Auflésung der Trainingsbilder fiir das
AlexNet von 224*224 Pixeln und die perspektivische Verzerrung beim Vorverarbeiten der Bilder ist zudem damit
zu rechnen, dass die geringfiigigen Artefakte und minimalen Abweichungen, die im urspriinglichen, gerenderten
Bild auftreten, spéter in den Trainingsdaten nicht ins Gewicht fallen. Daher sind die Modelle trotz im Detail
erkennbarer Unterschiede fiir diesen Anwendungsfall valide.
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Abbildung 3: Rendering der Modelle der ausgewdhlten Instrumente

2.2 Training des CNNs

CNNs sind ein Ansatz fiir die Bildklassifikation aus dem Bereich des maschinellen Lernens, die, wie auch die
allgemeinere Form der Kiinstliche Neuronale Netze, die Prozesse des menschlichen Gehirns durch eine Modellie-
rung der Wechselwirkungen von Neuronen simulieren. Hierbei erméglichen die Anordnungen der Schichten aus
Neuronen sowie deren unterschiedlichen Varianten verschiedene Netzarchitekturen. Wie schon Sarkar, Varanasi
und Stricker beschrieben, bietet das AlexNet die Kombination aus hinreichender Méchtigkeit fiir die Bildkassi-
fizierung und einer einfachen Hierarchie [7]. Basierend auf diesen Vorteilen sowie der Moglichkeit des einfachen
Finetunings und der guten Dokumentation des AlexNets wurde es anderen Netzarchitekturen vorgezogen.

Da die ersten Schichten eines CNN ausschliefflich fiir eine allgemeine Kanten- und Feature-Erkennung zusténdig
sind und lediglich die hinteren Schichten die Zuordnung dieser zu den Klassen des Klassifikationsproblems
iibernehmen, ist es moglich, die auf einem anderen Datensatz vortrainierten Gewichte der vorderen Schichten
zu iibernehmen [7]. Hierfiir wurden Gewichte verwendet, die aus dem Training mit dem ImageNet-Datensatz
resultieren. Im Rahmen des Finetunings werden lediglich die letzte, die beiden letzten oder die drei letzten
vollstdndig verbundenen Schichten neu traininiert. Die Beschrinkung auf das Finetuning im Vergleich zum
Training des gesamten Netzes, fithrt zu einer beachtlichen Zeitersparnis beim Trainingsprozess und erméoglicht
es somit, mehr Trainingskonfigurationen zu erforschen.

3 Evaluation

Um die Komplexitit der Klassifizierungsaufgabe zu reduzieren, wurden in den folgenden Untersuchungen je-
weils auf ein Instrument beziehungsweise eine Instrumentenklasse spezialisierte Netze trainiert anstatt ein Netz
zu trainieren, das die gesamte Klassifikation durchfithrt. Somit mussten die Netze lediglich erkennen, ob das
entsprechende Instrument oder die Instrumentenklasse im zu klassifizierenden Bild enthalten ist. Der Anteil
der korrekt klassifizierten Bilder beziiglich aller Testbilder wird im Folgenden als Klassifikationsgenauigkeit
bezeichnet.

3.1 Auswahl der Trainingsdaten

Aus den erzeugten und den aufgenommenen Bildern wurden Teilmengen verschiedener Grofe fiir das Training
und das Testen der Genauigkeit der Netze erstellt. Die Auswahl der einzelnen Bilder fiir die Trainingskorpora
erfolgte hierbei zufallsbasiert. Fiir alle Trainingsdatenmengen gilt, dass sie keine Uberschneidungen mit den fiir
die Auswertung verwendeten Bildmengen haben. Dies ist nétig, um zu garantieren, dass das Netz tatsédchlich
das Konzept des entsprechenden Instruments und nicht die Einzelauspragungen auf bestimmten Bildern gelernt
hat. In allen Trainings- und Testkorpora sind die Instrumente beziehungsweise Instrumentenklassen in gleichen
Anteilen enthalten.

3.2 Parameteroptimierung

Um die optimalen Parameter des Trainings zu bestimmen, wurden Tests ausschlieSlich fiir das Elevatorium und
anhand von Bildern lediglich eines Instrumentes durchgefiihrt. Das Elevatorium weist keine zu markante Form
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Abbildung 4: Klassifikationsgenauigkeit im Verlauf des Trainings bei verschiedenem Datenumfang

auf und ist zu anderen Instrumenten trotzdem auch nicht zu &hnlich geformt. Die Auswahl dieses Instruments
ermoglicht daher eine reprisentative Parameterbestimmung fiir alle Instrumente. Die Untersuchungen haben
gezeigt, dass die Verwendung des Weilabgleichs fiir die zu klassifizierenden, realen Bilder bessere Ergebnisse
erzielt als die Klassifikation ohne vorherigen Weilabgleich. Ein signifikanter, positiver Einfluss durch eine Kon-
trastverstarkung auf den kiinstlich erzeugten Trainingsdaten liefl sich nicht feststellen. Das Finetuning sollte
auf die letzten zwei Schichten angewandt werden, um optimale Ergebnisse zu erzielen. Fiir die Lernrate hat
sich ein Wert von 0.004 als optimal herausgestellt. Das Training sollte mindestens 35 Epochen umfassen, um
sicherzugehen, dass Schwankungen nachgelassen haben und ein stabiler Wert der Klassifizierungsgenauigkeit
erreicht wurde. Nach der 35. Epoche sind keine signifikanten Verbesserungen des Trainings mehr zu erwarten.

3.3 Variationen des Datenumfangs

Wie bereits beschrieben, stellt die Generierung grofier Trainingskorpora ohne hohen manuellen Aufwand einen
der zentralen Vorteile der Nutzung kiinstlich erzeugter Trainingsdaten dar. Daher wurde in den Untersuchungen
SI.A bis SI.F der Einfluss des Trainingsdatenumfangs auf die Klassifizierungsgenauigkeit untersucht. Tabelle 1
zeigt den Umfang der verschiedenen Datensétze, die sich ansonsten in ihrer Form nicht unterscheiden. Fiir alle
Netze wurden die im vorigen Abschnitt ermittelten, optimierten Parametern verwendet. Der Vergleich wurde,
wie auch die Untersuchungen im letzten Abschnitt, anhand des Elevatoriums durchgefiihrt. Es lédsst sich bei
dem Training mit kiinstlich erzeugten Trainingsdaten in diesem Anwendungsfall kein signifikanter, positiver
Einfluss der Steigerung des Datenumfangs auf die Klassifikationsgenauigkeit feststellen da die Klassifikations-
genauigkeiten fiir alle Datensétze wihrend des Grofteils des Trainings in einem Bereich zwischen 80% und
90% deutlich schwanken (Abbildung 4). Eine moglicher Erklirung hierfiir ist, dass die Ahnlichkeit der Art der
Bilder des Trainingskorpus zu den zu klassifizierenden Bildern weitaus entscheidender ist als der Umfang der
Trainingsdaten.

Tabelle 1: Ubersicht der verwendeten Variationen des Trainingsdatenumfangs

Datensatz| Trainingsbilder Validierungsbilder Testbilder
SI.LA 400 180 1000
SI.B 600 260 1000
SI.C 800 340 1000
SI.D 1000 420 1000
SLE 1200 500 1000
SLLF 1400 600 1000
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3.4 Training fiir Bilder mit einem Instrument

In dem folgenden Teil der Evaluation wurden wie zuvor Netze mit Bildern einzelner Instrumente sowohl fiir
das Training als auch das Testen verwendet. Vergleichende Untersuchungen ergaben sehr grofie Unterschiede in
der Qualitéit und der Stabilitdt der Klassifikationsgenauigkeit fiir die verschiedenen Instrumente. Wihrend die
Netze, die auf das Nasenspekulum oder die Tumorpinzette spezialisiert waren am Ende des Trainings in mehr als
95% bzw. circa 90% der Fille korrekt erkannten, ob das jeweilige Instrument auf dem Bild zu sehen ist, blieben
die Klassifikationsgenauigkeiten beispielsweise fiir die Zangen stark schwankend deutlich unter 80%. Die guten
Ergebnisse fiir das Nasenspekulum und die Tumorpinzette lassen sich durch ihre sehr markante Form erklidren
und spiegeln sich auch in den Ergebnissen des zu Vergleichszwecken durchgefiihrten Trainings mit realen Daten
wider.

Aufgrund dieser stark variierenden Ergebnisse wurde versucht die Komplexitit der Klassifikationsaufgabe zu re-
duzieren, indem funktional &hnliche Instrumente gruppiert wurden. Somit ergaben sich vier Klassen: Die Klasse
der Zangen & Stanzen als Gewebe abtragende Instrumente, die Klasse der Dissektoren sowie das Spekulum
und die Pinzette. Die Reduzierung der Aussagekraft der Erkennung bei der Verwendung der Klassen statt der
einzelnen Instrumente ist gering, da die Unterscheidung sehr #hnlicher Ausprégungen einzelner Instrumente
einer Klasse nur wenig Nutzen bringt. Fiir das Training der auf die Instrumentenklassen spezialisierten Net-
ze, wurden aus den generierten Datensdtzen 700 Trainings- und 300 Validierungsbilder je Klasse ausgew&hlt.
Fiir Klassen, die mehrere Instrumente enthalten, wurden Datensédtze erzeugt, die die einzelnen Instrumente
zu gleichen Anteilen beinhalten. Dies gilt auch fiir die je 1000 reale Bilder umfassenden Testkorpora. Durch
die Verwendung von Instrumentenklassen konnten signifikante Verbesserungen der Ergebnisse erreicht werden.
Fiir alle Klassen liegt die Klassifikationsgenauigkeit iiber 90% und verhélt sich schon in frithen Epochen des
Trainings stabil. Diese sehr guten Ergebnisse bleiben jedoch unter den Ergebnissen des Trainings mit realen
Bildern im gleichen Anwendungsfall zuriick, da diese Klassifikationsgenauigkeiten von iiber 95% erreichen. Die
deutlich gestiegene Qualitit der Klassifikationsergebnisse und die nur geringe Einschriankung der gewonnenen
Informationen fithren zu der Schlussfolgerung, dass die Verwendung der Instrumentenklassen sinnvoll ist.
Versuche die Vorteile kiinstlicher und realer Trainingsdaten durch eine Kombination der Datenséitze auszunut-
zen fiihrten nicht zu einer Steigerung der Klassifikationsgenauigkeit iiber die Ergebnisse des Trainings mit realen
Daten hinaus. Ansiitze die Varianz des kiinstlichen Datensatzes zu vergrofiern, indem dieser durch zufillige Hin-
tergrundbilder erweitert wurde, fithrten sogar zu signifikanten Verschlechterungen. Dies ist mit der gesteigerten
Komplexitat der Aufgabe, das Instrument im Vordergrund von dem zufilligen Hintergrund zu abstrahieren, zu
erkldren.

3.5 Training fiir Bilder mit mehreren Instrumenten

In dem folgenden Teil der Untersuchungen wurde das Training weiter an den Anwendungsfall im Operations-
saal angepasst. Statt der Klassifikation von Bildern einzelner Instrumente wie bisher, wurde die Erkennung
von Bildern mit bis zu vier Instrumenten untersucht. Aufgrund der Erkenntnisse der vorangegangenen Unter-
suchung wurden auch hier die Erkennung von Instrumentenklassen statt einzelner Instrumente trainiert und
evaluiert. Das Ziel der Netze in der folgenden Untersuchung ist es demnach, zu erkennen, welche der vier Instru-
mentenklassen auf dem zu klassifizierenden Bild zu sehen sind. Untersuchungen zur Erkennung der einzelnen
Instrumente wurden im folgenden Abschnitt nicht durchgefiihrt.

In einem ersten Ansatz wurden die auf Bildern einzelner Instrumente trainierten Netze verwendet. Die Ergeb-
nisse schwankten je nach Klasse hierbei stark. Wahrend die Klasse der Stanzen und Zangen mit Klassifikati-
onsgenauigkeiten von circa 95% erkannt wurden, lagen die Ergebnisse fiir die Dissektoren lediglich bei circa
55%. Die schwachen Ergebnisse fiir die Erkennung der Dissektoren lassen sich durch die geringe Grofle der In-
strumente erkliren. Einfache und gerade Strukturen ohne weitere Besonderheiten fallen in einem Bild mehrerer
Instrumente mit Uberlagerungen weniger stark auf. Daher ist die Klassifikation fiir diese Klasse schwieriger als
beispielsweise fiir die Klasse der Stanzen und Zangen. Die auffillige Struktur der Griffe ermoglicht fiir diese
sehr hohe Klassifikationsgenauigkeiten.

Auch fiir Bilder mehrerer Instrumente zeigte sich, wie zu erwarten war, eine Verschlechterung der Ergebnisse
bei einer Expansion des Trainingskorpus durch die Komposition der Bilder einzelner Instrumente mit zufalligen
Hintergriinden. Auch erneute Untersuchungen zur Vergrofierung der Trainingsdatenmengen steigerten die Klas-
sifikationsgenauigkeit nicht. Dies ist auf die bereits zuvor erwidhnten Griinde zuriickzufiihren.
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4 Diskussion

Es wurden gute Ergebnisse fiir die Erkennung von Instrumentenklassen auf Bildern einzelner Instrumente erzielt.
Es zeigte sich jedoch wider Erwarten in den durchgefithrten Untersuchungen nicht, dass durch die Verwendung
von Trainingskorpora aus generierten Daten die Klassifikationsgenauigkeit der Netze, die mit kleineren Trai-
ningsdatenséitzen aus realen Bildern trainiert wurden, iibertroffen werden kénnen. Dies lasst vermuten, dass die
Ahnlichkeit der Trainingsdaten zu den zu klassifizierenden Daten fiir die Funktionalitéit des Netzes entschei-
dender ist als der Umfang des Trainingskorpus. Diese These sollte in zukiinftigen Untersuchungen mit noch
grofleren kiinstlichen Datensétzen {iberpriift werden.

Eine mogliche Erklarung dafiir, dass die guten Ergebnisse der Einzelbilder nicht auf Bilder mehrerer Instrumen-
te iibertragen werden konnten, ist die hohe Komplexitéit der Klassifizierungsaufgabe, die sich durch eine grofe
Ahnlichkeit der Instrumente und die Uberlagerungen dieser begriindet.

Zukiinftige Anséitze um die Klassifikationsergebnisse fiir Bilder mehrerer Instrumente zu verbessern sind bei-
spielsweise die Segmentierung des zu klassifizierenden Bildes, die Evaluation anderer Netzarchitekturen und
die strukturisierte statt randomisierte Erzeugung der kiinstlichen Trainingsdaten. Auch eine Kombination des
bestehenden Systems mit einer weiteren Sensorik wie beispielsweise einer Waage oder das Verwenden eines
Meta-Klassifikators fiir die Gewichtung der Ergebnisse der schwécheren Klassifikatoren bieten vielversprechen-
de Moglichkeiten weiterer Untersuchungen.

5 Zusammenfassung

Es wurde eine valide Infrastruktur fiir die Generierung kiinstlicher Trainingsdaten fiir den Anwendungsfall ge-
schaffen und der Nutzen der somit erzeugbaren kiinstlichen Trainingsdaten evaluiert. Es lieflen sich gute Klas-
sifikationsgenauigkeiten von iiber 90% fiir alle Instrumentenklassen auf Bildern einzelner Instrumente erzielen.
Diese Ergebnisse konnten nicht auf die Klassifikation von Bildern mehrerer Instrumente iibertragen werden.
Weitere Ansétze um das bestehende System zu verbessern bieten jedoch vielversprechende Moglichkeiten und
sollten, auch wegen des hohen Nutzens fiir die automatisierte Workflowerkennung und somit eine mégliche
Steigerung der Patientensicherheit im OP, in zukiinftigen Arbeiten weiter untersucht werden.
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Abstract

For the potential use of electrical impedance tomography (EIT) in prehospital emergency scenarios, situations
of poor access to the patient must be taken into account. In this case, it is not possible to place all electrodes on
the thorax. To still allow EIT measurements in this situation, the effect of a reduced set of electrodes needs to be
examined. In this simulation study, EIT measurement sets are manually modified and reconstructed to simulate
the situation of a reduced electrode set. The resulting images are compared to the original image reconstructed
with the full electrode set. These first simulation results show a severe degradation of image quality and
interpretability even for a small number of missing electrodes.

Keywords: Electrical Impedance Tomography, Simulation Study, Electrode Configuration

1 Problem

The initial assessment of the patient’s ventilation and vital condition in a prehospital environment such as
situations of emergencies is a challenging task. Electrical impedance tomography (EIT) is a noninvasive imaging
method for the monitoring of lung ventilation [3] with the potential of a mobile application in prehospital
situations. However, the existing commercially available EIT devices require a full enclosement of the patient’s
thorax with electrodes. Regarding hard-to-reach patients, e.g. trapped patients after car crashes, it must be
considered that only parts of the patient's thorax are accessible for the initial examination of the vital state. In
such cases, only a reduced number of electrodes can be attached to the patient’s thorax. In this simulation study,
an examination of a successive reduction of electrodes on one side of a measurement target is conducted. The
results are compared to the image with a complete electrode set and the effect on the EIT-image of the reduction
is described.

2 Material and Methods

In order to examine the effect of EIT imaging with a reduced electrode set, a simulation study regarding a
simplified phantom is conducted. Evaluating the findings on real data, the same simulation study for real
measurement data is performed successively. Both studies are performed with MATLAB' and EIDORS [1], an
open source toolbox providing functions for the forward and inverse modeling of EIT.

For the forward simulation of EIT-measurements, a simple cylindrical 2.5-D phantom is generated virtually with
the help of the EIDORS toolbox. In the center of the phantom a cylinder of different conductivity than the
background is added. The 16 electrodes are placed on one plane in the middle of the phantom’s outer surface. A
set of measurements is calculated. As reference data, a set of measurements without the cylinder of different
conductivity is computed. To make the simulated voltages more realistic, noise is added. Subsequently, the
simulated data is reconstructed with the GREIT algorithm [2]. In the two measurement sets, the voltages
corresponding to one electrode are deleted and the remaining voltages are reconstructed with the help of an
adapted inverse model. The measurements sets are reduced successively as described above until seven
electrodes remain and in each step an image is reconstructed. The electrodes are reduced on one (the dorsal) side
of the object to simulate the situation of a trapped patient with no access to his back.

' MATLAB R2013b (The MathWorks, Inc., Natick, Massachusetts, United States).
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In order to evaluate the effect of a reduced set of measurements in a real setting, the same approach is conducted
with real measured data of a pig, which is recorded in a pre-clinical study using the commercially available EIT-
device PulmoVista 500°. The inverse model for the reconstruction is generated based on a computer
tomography-based segmentation of the animal’s thorax. Again, the measured data is reduced stepwise until
seven of the 16 electrodes remain. For the evaluation, a mean tidal image over the signal of one minute is
calculated for each electrode set.

3 Results

In Fig. 1, the reconstructed images for the simulation study on the cylindrical phantom (upper row) and the real
data of a ventilated pig (lower row) are depicted. In order to illustrate the increasing impact on the image of a
progressive reduction of electrode, selected results of decreasing number of electrodes are visualized. In the first
column, the reconstruction of the complete electrode set is shown. The following columns show the
reconstruction results for decreased number of electrodes, which are given above each image. In the images of
the second column in Fig. 1, the original object is still recognizable. In the third column, the objects are smeared
towards the borders, while the last column shows image results that are not visually similar anymore to the
original ones. Regarding here the simulated image in the upper row, the image seems to belong to a phantom of
two objects, since the original single object is smeared to the boundaries and one blob on each side occurs. A
similar effect can also be seen in the animal data for 7 electrodes. Conversely, here the two blobs on the left and
right side of the thorax result from the two lungs, but the original significant difference in the amount of
ventilation (the right lung on the left side of the image is more ventilated in the original image), cannot be
distinguished anymore.

10

Simulated data

7

c0oe
X

Real data

Figure 1: Simulation results of a successively reduced number of electrodes on one side (dorsal) of
the simulated EIT-voltages with the cylindrical phantom (upper row) and for a tidal image in real
pig data (lower row). White pixels indicate positive impedance changes, purple pixels indicate
negative changes. The number of electrodes is given above each image. The available electrodes
are marked as green rectangles.

4 Discussion

The results show a distinct distortion of the imaged object when reducing the measuring electrodes. Especially
regarding the simulated data reconstructed with ten electrodes, the image interpretation of two objects in the
phantom is problematic, since such a misled interpretation in an emergency situation could imply seeing two
ventilated lungs, instead of one.

2 Drigerwerk AG & Co. KGaA, Liibeck, Germany.
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5 Conclusion

In this study, the effect of a reduced set of electrodes for Electrical Impedance Tomography was examined on
two data sets. It was observed that a small number of reduced electrodes already have a strong effect on the
resulting image and the depiction of the imaged object. Thus, it can be concluded, that the simple reduction of
electrodes may result in misleading image interpretations and more elaborate methods have to be developed to
handle incomplete access to a patient’s thorax.
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Abstract

Neue, minimalinvasive Operationsverfahren kénnen erst dann eingefiihrt werden, wenn das mit der Operation
einhergehende Risiko fiir den Patienten vertretbar ist. Das gilt vor allem fiir hochkomplexe
Operationsverfahren, bei denen die Gefahr besteht Risikostrukturen irreversibel zu verletzen. Trotz der
Forderungen nach einheitlichen, objektiven Bewertungsverfahren fiir die Erprobung und Anwendung von
Operationsverfahren, existieren derzeit keine einheitlichen Methoden. Speziell fiir die Risikobewertung
minimalinvasiver Operationen an der lateralen Schdidelbasis bestehen verschiedene Risikomodelle. Bisher ist es
jedoch nicht moglich ein Gesamtverletzungsrisiko anzugeben. Im Folgenden wird daher zum ersten Mal ein
Risikomodell vorgestellt, mit dem das intraoperative Gesamtrisiko unbeabsichtigter Verletzungen fiir
minimalinvasive Eingriffe an der lateralen Schidelbasis prdoperativ und patientenindividuell abgeschiditzt
werden kann.

Keywords: Medizinische Risikoanalyse, Verletzungsrisiko, Unsicherheit

1 Problemstellung

Das Konzept neuer, minimalinvasiver Zugangswege zur lateralen Schidelbasis beruht auf dem Anlegen von
mindestens einem Bohrkanal zu einem definierten Zielpunkt im Operationsgebiet [1-4]. Durch diese Methode
soll ein geringeres Trauma verbunden mit einer schnelleren Genesungszeiten des Patienten bestehen. Im
Vergleich zur konventionellen Chirurgie an der lateralen Schidelbasis, die in der Regel als Grundlage eine
Mastoidektomie beinhaltet, welche entsprechend der Indikation erweitert wird, mangelt es dem Chirurgen jedoch
bei den neuen Verfahren sowohl an einem optischen als auch haptischem Feedback. Dadurch besteht die Gefahr
Risikostrukturen wie beispielsweise den Gesichtsnerv unbeabsichtigt zu verletzen. Neben mechanischen
Einwirkungen durch den Bohrer sind in diesem Zusammenhang auch thermische FEinfliisse durch die
Wiérmeentwicklung am Bohrer von Bedeutung [5]. Aus diesen Griinden liegt der Fokus derzeitiger technischer
Entwicklungen vor allem auf der sensorgestiitzten Absicherung des Bohrprozesses [1, 6].

Durch erste klinische Studien konnte die Durchfiihrbarkeit minimalinvasiver Eingriffe im Bereich der lateralen
Schédelbasis am Beispiel von Cochlea-Implantationen nachgewiesen werden [1, 5]. Neue, innovative
Operationsverfahren konnen jedoch erst dann in der Breite implementiert werden, wenn das mit der Operation
einhergehende Risiko fiir den Patienten vertretbar ist. Trotz der Forderung nach objektiven Ansétzen zur
Bewertung innovativer Operationsverfahren mangelt es bisher an einheitlichen Methoden [7]. Im Folgenden
wird daher ein Risikomodell vorgestellt, welches eine Abschétzung des Verletzungsrisikos bei minimalinvasiven
Operationen im Bereich der lateralen Schédelbasis praoperativ und patientenindividuell ermdglicht.

2 Bestehende Risikomodelle

Forderungen nach einem regulatorischen Rahmen fiir die Erprobung und Anwendung neuer Operationsverfahren
wurden im Jahr 2009 von BARKUN et al. [8] formuliert. In diesem Zusammenhang ist das fiir den Patienten
resultierende Risiko von besonderer Bedeutung. Die Forderungen nach einem regulatorischen Rahmen wird in
Form der Beschreibung der IDEAL-Empfehlungen durch MCCULLOCH et al. [9] aufgegriffen und detailliert. Die
beschriebene Vorgehensweise bietet einen groben Rahmen fiir die Entwicklung und Erprobung neuer
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Operationstechniken. Der Fokus der Arbeiten liegt jedoch nicht auf der patientenindiviuellen Ermittlung des
Verletzungsrisikos [7].

Ein Ansatz zur Bestimmung der Sicherheit von minimalinvasiven Cochlea-Implantationen wird von NOBLE et al.
[10] vorgestellt. Das entsprechende Risikomodell variiert den erreichten Zielpunkt durch einen Stérterm und
ermittelt auf Basis einer Monte-Carlo-Simulation in wie viel Prozent der Operationen mechanische Verletzungen
von Risikostrukturen auftreten. Relevante Einfliisse wie die Positionierunsicherheit des Bohrers und die
Temperaturentwicklung am Bohrer werden jedoch nicht beriicksichtigt [7].

Ein weiterer Ansatz flir die Risikoanalyse minimalinvasiver Eingriffe im Bereich der lateralen Schédelbasis
beschreiben NAU et al [11]. Dieser basiert auf der Ubertragung eines etablierten Fihigkeitskennwertes zur
Beurteilung von Produktionsprozessen in den medizinischen Kontext. Das beschriebene Therapeutische
Sicherheitsmaf3 (Therapeutic Risk Index) ermdglicht die préoperative Abschitzung des mechanischen
Verletzungsrisikos auf Basis der Unsicherheiten der prdoperativen CT-Bildgebung und der Unsicherheit der
Bohrerposition und —ausrichtung. In Kombination mit den patientenindividuell ermittelten Abstinden zu den
Risikostrukturen wird die ,,Fahigkeit” des Operationsprozesses ermittelt. Wenn der ermittelte Kennwert einen
definierten Grenzwert iiberschreitet, wird das Verletzungsrisiko als ausreichend gering angesehen. Neben den
Unsicherheiten, die aus dem Bohrprozess resultieren wird bei dieser Art der Modellbildung auch das thermische
Verletzungsrisiko vernachléssigt.

Weitergehende Ansdtze zur Abschdtzung des Risikos von minimalinvasiven Eingriffen an der lateralen
Schidelbasis wurden von den Autoren dieses Papers bereits 2016 [12] vorgestellt. Neben einem Risikomodell,
das zur Abschdtzung des mechanischen Verletzungsrisikos herangezogen werden kann, wurde auch ein
Risikomodell fiir die Abschitzung thermischer Verletzungen entwickelt. Um prédoperativ ein Gesamtrisiko
angeben zu konnen, fehlt jedoch noch ein einheitliches Risikomodell, das die Auftretenswahrscheinlichkeit von
mechanischen und thermischen Verletzungen kombiniert. Im Folgenden wird daher zum ersten Mal ein
Risikomodell vorgestellt, mit dem das Gesamtrisiko unbeabsichtigter Verletzungen fiir minimalinvasive
Eingriffe an der lateralen Schidelbasis prédoperativ und patientenindividuell abgeschitzt werden kann. Dafiir
werden zunéchst die beiden Risikomodelle erldutert, auf denen das Gesamtmodell basiert.

2.1 Risikomodell fiir mechanische Verletzungen

Das Modell zur Abschitzung des Risikos fiir mechanische Verletzungen basiert auf der Annahme, dass die
kritische Distanz zwischen dem geplanten Bohrkanal und den verschiedenen Risikostrukturen grof3 genug sein
muss, um die Unsicherheiten entlang des Operationsprozesses zu kompensieren. Die kritische Distanz zur
sensitiven Struktur ist der minimale Abstand d zwischen dem Rand des Bohrpfades (mit Punkt P auf der
Mittelachse und Radius ») und der sensitiven Struktur (Punkt S) (vgl. Abbildung 1) :

d=|P=S§||-r M

Die Prozessunsicherheiten e, die dazu fithren konnen, dass dieser Abstand in der Realitét kleiner sein kann,
werden als Zufallsvariablen mit Erwartungswert » und Varianz »° modelliert. b bezeichnet systematische
Abweichungen (bias) und u die zufilligen Prozessschwankungen (uncertainty). Folgende Unsicherheiten werden
fiir minimalinvasive Operationen der lateralen Schidelbasis als kritisch bewertet [12, 13]

- Positionier- und Ausrichtungsfehler des Bohrers, genannt Navigationsfehler e,
- Fehler in der Erkennung der sensitiven Strukturen durch das Bildgebungsverfahren €44,

- Unsicherheit des Bohrprozesses e, Z. B. das Verlaufen des Bohrers.
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Abbildung 1: Planungsszenario schematisch

Daraus wurde bereits von den Autoren dieses Beitrages 2016 [12] die Wahrscheinlichkeit angegeben, eine
sensitive Struktur mechanisch zu verletzen. Die Wahrscheinlichkeit wird berechnet durch:

P("mech. Treffen min. einer Struktur") = 1 — P("keine Struktur wird getroffen")

m m
=1- 1_[ P("Struktur S; wird nicht getroffen") = 1 — 1—[ Friti(d;) (2)
i=1 i=1

Dabei ist Fy;¢; die Verteilungsfunktion der Zufallsvariable, die die oben genannte Prozessunsicherheit entlang
des minimalen Abstandes d; zur i-ten kritischen Struktur modelliert. Insgesamt sind m sensitive Strukturen
entlang des Bohrpfades vorhanden, die in die Risikobetrachtung einbezogen werden miissen.

2.2 Risikomodell fiir thermische Verletzungen

Das zweite gro3e Risiko bei minimalinvasiven Bohrprozessen ist die Temperaturentwicklung, die wahrend des
Bohrvorgangs zu Schidigungen des umliegenden Gewebes fithren kann. Diese Nekrose des Gewebes tritt ab ca.
43°C auf, welche bei iiblichen Bohrparametern schnell iiberschritten werden kann [14, 15]. Die Hohe der
Temperatur alleine ist jedoch nicht entscheidend fiir eine Schiddigung, sondern der gesamte Energieeintrag in das
Gewebe iiber die Zeit. Dies wird durch den Kennwert der kumulativen Aquivalenzminuten bei 43°C (CEM43)
ausgedriickt [16—18]. Der Kennwert gibt an, wie lange ein Gewebe einer Temperatur von 43°C ausgesetzt sein
miisste, um denselben Energieeintrag zu erhalten. Der CEM43-Wert wird in Minuten angegeben und ist definiert
als:

05,  T(t)>43C
t, R(T®)= {0’25’ T(t) < 43°C )

T(t) bezeichnet hierbei den Temperaturverlauf an der sensitiven Struktur iiber die Zeit t € [0, tﬁnal] und tfing
die Dauer der Temperatureinwirkung (in Minuten). In einem Ubersichtsbeitrag von AUGUSTIN ET AL. [19]
werden Material und anwendungsabhéngige Grenzwerte diskutiert. Innerhalb dieser Risikobetrachtung wird
angenommen, dass eine permanente thermische Schiadigung ab einem Wert von CEM43 = 60 min auftritt [17—
19].

t=tfinal _
CEM43(T) = f R(T(®))* " Va

0

Ein Risiko fiir den Patienten besteht nur dann, wenn dieser Wert in der Planung unsicher abgeschitzt werden
kann oder wéhrend der Durchfiihrung nur unsicher bestimmt werden kann. Waren der CEM43-Wert und sein
Grenzwert exakt bekannt, konnte mit Sicherheit entschieden werden, ob eine Nekrose auftritt oder nicht. Die
unabdingbare Unsicherheit von Temperaturmessungen oder anderen Arten der Abschitzung der Temperatur
fiihrt daher immer zu einer Unsicherheit des CEM43-Wertes und damit zu einem Risiko fiir den Patienten. Trotz
dieses Zusammenhanges wurde jedoch nach Informationen der Autoren noch keine Unsicherheitsbetrachtung fiir
den CEM43-Wert durchgefiihrt. Innerhalb dieses Beitrages wird vor allem auf die Auswirkung dieser
Unsicherheit auf das Patientenrisiko eingegangen. Zur Kompensation dieses Umstandes werden zurzeit noch
Bohrstrategien mit langen Abkiihlpausen und ,,Angsttoleranzen™ verwendet [1, 16, 20], welche zum einen die
Eingriffszeit erhdhen und zum anderen eine Optimierung des Prozesses auf Basis eines gesamtheitlichen
Prozessverstidndnisses erschweren.

Fiir die Berechnung des Risikos einer thermischen Verletzung ist das Verhéltnis aus Unsicherheit des CEM43-
Wertes zum verbleibenden Abstand zum kritischen Wert entscheidend. Bezeichne ecgp43 nun diese Unsicherheit
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des CEM43-Wertes in Form der Standardabweichung einer Zufallsvariablen und Fcgmas die zugehorige
Verteilungsfunktion der Zufallsvariablen. Der Erwartungswert der Zufallsvariablen entspricht dabei dem
ermittelten oder prognostizierten mittleren CEM43-Wert. Damit ergibt sich fiir die Wahrscheinlichkeit einer
thermischen Verletzung fiir eine einzelne sensitive Struktur fiir den Grenzwert 60 min zu:

P("Thermische Verletzung") = 1 — P("Keine thermische Verletzung")
=1— P(ecgmas < 60) =1 — Fcpma3(60) (4)

Daraus kann nun wieder, wie bei der Wahrscheinlichkeit fiir mechanische Verletzungen in Gleichung (2), die
Wabhrscheinlichkeit fiir die thermische Verletzung bei mehreren sensitiven Strukturen abgeleitet werden. Es wird
dazu angenommen, dass die Wahrscheinlichkeiten von thermischen Verletzungen an verschiedenen sensitiven
Strukturen unabhéngig voneinander sind. Damit ergibt sich die Wahrscheinlichkeit einer thermischen Verletzung
an mindestens einer der m sensitiven Strukturen (mit minimalen Abstinden d;) als

P("Therm. Schadigung min. einer sens. Struktur") = 1 — P(Keine sens. Struktur wird therm. geschadigt")

m
=1- 1_[ P("Keine therm. Schiadigung der Struktur S;")

i=1

m
=1- [ [Feemasa(60) 5
i=1

mit Feppas g it die Verteilungsfunktion des CEM43-Wertes fur die i-te sensitive Struktur.

Damit kann nun erstmalig das Risiko fiir eine thermische Verletzung des Patienten auf Basis einer theoretischen
Risikomodellierung angegeben werden, sofern die Unsicherheit des CEM43-Wertes bekannt ist.

3 Modellierung des Gesamtrisikos

Beide Teilmodelle werden nun zu einem Gesamtmodell fiir das Patientenrisiko kombiniert. Es wird in erster
Néherung davon ausgegangen, dass das thermische und das mechanische Risiko unabhédngig voneinander sind.
Damit ergibt sich die gesamte Verletzungswahrscheinlichkeit als Kombination aus Gleichung (2) und (5):

P("Patient wird geschadigt") = 1 — P("Keine Schidigung des Patienten')
=1 — P(“Keine sens. Struktur wird therm. geschadigt")
- P("Keine sens. Struktur wird getroffen")

= 1= ([ [Femmana®0) - [ [Py ®

Zusammenfassend ldsst sich festhalten, dass das Patientenrisiko fiir minimalinvasive Bohrprozesse durch
folgende Wahrscheinlichkeit beschrieben wird:

m m
P("Patient wird geschadigt") = 1 — (1_[ Feemas g, (60) - 1_[ Friei(di))

=1 =1
mit
Fcemas g, Verteilungsfunktion des CEM43-Wertes fiir die i-te sens. Struktur (siehe Gleichung (4))

Gemeinsame Verteilungsfunktion aller Unsicherheitskomponenten entlang des minimalen

Fnit,i Abstandes zur i-ten sens. Struktur (siche Gleichung (2))

Mit diesem Modell I&sst sich direkt die Wahrscheinlichkeit fiir eine Verletzung des Patienten berechnen.

4 Anwendungsbeispiel

Basis fiir die Zahlenwerte in diesem Anwendungsbeispiel ist das Operationsszenario fiir eine Cochlea-
Implantation (SCHIPPER ET AL. [21, 22], SCHMITT ET AL. [23], NAU [7] und POLLMANNS [24, 25]). Es wird in
diesem Beispiel davon ausgegangen, dass systematische Abweichungen bekannt und kompensiert sind und alle
Unsicherheiten normalverteilt sind. Das Risiko fiir eine mechanische Schiadigung einer sensitiven Struktur wurde
bereits in [6] berechnet und angegeben. Die Zahlenwerte werden von dort iibernommen. Die



CURAC 2018

Unsicherheitsbeitrige von wurden von NAU und POLLMANNS anhand von Phantomen bestimmt. Neu ist die
Berechnung des thermischen Risikos und die Kombination zu einem Gesamtrisiko.

4.1 Risikos eines mechanischen Treffers

Fiir einen durchschnittlichen Patienten miissen ca. 5 sensitive Strukturen in der Risikobetrachtung beachtet
werden [22, 26]. Diese liegen meist in einem mittleren Abstand von 1 mm von der Bohrtrajektorie entfernt. Im
Rahmen dieses Beispiels wird der minimale Abstand fiir alle sensitiven Strukturen als 1 mm angenommen und
diese Abstinde werden in den Bohrtiefen 1,2,3,4 und 5 mm erreicht. Die Auswirkung des initialen
Ausrichtungsfehlers nimmt mit zunehmender Bohrtiefe zu, wodurch auch das Risiko tiefenabhingig ansteigt.
Die von Nau bestimmte Unsicherheit der Navigation wurde fiir die maximale Tiefe von /=5 mm bestimmt und
muss fiir geringere Bohrtiefen linear verringert werden. Damit ergeben sich die in Tabelle 1 dargestellten
Wahrscheinlichkeiten.

Tabelle 1 - Tiefenabhdngige Wahrscheinlichkeit eine sensitive Struktur mechanisch zu verletzen
Bohrtiefe  [in mm] 1 2 3 4 5
Abstand sens. Struktur /d in mm] 1
Unsicherheit Navigation u,,,,; 0,0634 0,1268 0,1902 0,2536 0,3170

Unsicherheit Bohrprozess u ,.;;; 0,049

Unsicherheit Bildgebung ;44 0,382

Wahrscheinlichkeit eines Treffers 5,2-1073 6,8-1073 1,0-1072 1,5-1072 2,2-1072

Mit Gleichung (2) ergibt sich daraus eine Gesamtwahrscheinlichkeit mindestens eine sensitive Struktur direkt zu
treffen von ca. 5,8%. Das bedeutet, dass im Mittel bei einer von 17 Operationen eine sensitive Struktur verletzt
wird. Grund fiir die hohe Verletzungswahrscheinlichkeit ist die hohe Unsicherheit in der CT-Bildgebung sowie
die Unsicherheit in der initialen Positionierung des Bohrers.

4.2  Risiko einer thermischen Verletzung

Typische Bereiche fiir die Cochlea-Implantation liegen nach Feldmann et al. bei CEM43-Werten von 0,1 min bis
25 min [16, 20]. Die Bohrstrategie und Bohrparameter sollten so gewdhlt werden, dass ein Sicherheitsabstand
zum Grenzwert fiir eine thermische Verletzung eingehalten wird. Da noch keine Vorgaben oder Erfahrungswerte
existieren, wird in diesem Beispiel ein CEM43-Wert von 6 min angenommen, was 1/10 des Grenzwertes von 60
min entspricht. Die Abschdtzung der Unsicherheit des CEM43-Wertes wird aktuell noch erforscht. Erste
Abschitzungen liegen aber in Bereichen von 10-50 min fiir die bei Feldmann et al. angegeben
Temperaturverldufe [16, 20]. Um einen ersten Eindruck iiber die GréBenordnung des Risikos zu gewinnen, wird
die Unsicherheit des CEM43-Wertes fiir dieses Beispiel mit ucgpaz = 32,39 min fiir alle sensitiven Strukturen
angenommen. Die Wabhrscheinlichkeit, eine sensitive Struktur thermisch zu verletzen, liegt damit unter
Verwendung von Gleichung (4) bei ca. 4,8% und die Wahrscheinlichkeit keine der 5 sensitiven Strukturen
thermisch zu verletzen mit Gleichung (5) bei ca. 21,7%.

4.3  Bestimmung des Gesamtrisikos

Fiir das gesamte Patientenrisiko wird die thermische Verletzungswahrscheinlichkeit und die Wahrscheinlichkeit
eines direkten Treffers nach Gleichung (6) kombiniert. Es ergibt sich eine Gesamtwahrscheinlichkeit fiir die
Verletzung des Patienten im angenommen Operationsszenario von 26,2%. Eine Verletzung des Patienten bei
jedem vierten Eingriff ist weit von einer vertretbaren Auftretenswahrscheinlichkeit entfernt. Dies liegt
hauptsdchlich an der hohen angenommen Unsicherheit des CEM43-Wertes. Weitere Untersuchungen zur
Unsicherheit des CEM43-Wertes sind daher ratsam.

5 Diskussion

Das vorgestellte Risikomodell ist durch die Verwendung von Zufallsvariablen allgemein gehalten. Die
Unsicherheitskomponenten kdnnen beliebig getauscht oder durch weitere Unsicherheitskomponenten erginzt
werden. Da die einzelnen Unsicherheitsbeitrdge fiir die verschiedene Risikostrukturen variieren, muss jede der
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Unsicherheitskomponenten spezifisch fiir jede Risikostruktur mit einer Wahrscheinlichkeitsdichtefunktion
beschrieben werden. Dariiber hinaus ist das Risikomodell unabhingig von der Art der chirurgischen Bohrung
und kann auch ohne weiteres auf andere Bildgebungsverfahren (z.B. MRT), weitere Risikostrukturen und andere
Positionierverfahren angewandt werden. Es miissen lediglich die Abstinde von dem geplanten Bohrkanal zur
den Risikostrukturen angegeben werden kénnen. Die Modelle fiir die Bestimmung des Risikos fiir thermische
und mechanische Verletzungen sind bisher vor allem die Planungsphase von Operationen ausgerichtet.
Zusitzliche Informationen wie beispielsweise die Bestimmung der Bohrerposition oder der gemessenen
Bohrerposition konnen in zukiinftige Modelle integriert werden.

Das errechnete Gesamtrisiko ist mit 26,2% noch zu hoch, um das zugrunde gelegte Operationsverfahren [3]
zulassen zu konnen. Durch die Bestimmung der Unsicherheitsbeitrage der einzelnen Komponenten ist es jedoch
moglich die Komponenten/Modalititen zu identifizieren, die weiterentwickelt werden miissen. Dariiber hinaus
wurde der Unsicherheitsbeitrag der Bildgebung, der von der jeweiligen Risikostruktur abhéngig ist, zur sicheren
Seite hin abgeschitzt [27]. Zukiinftig ist die Unsicherheit in Abhidngigkeit von der jeweiligen Messaufgabe zu
beriicksichtigen. Zudem ist zu beachten, dass das Risikomodell nur das Prozessrisiko abdeckt. Es wird davon
ausgegangen, dass die Planung und Durchfilhrung des Prozesses fehlerfrei erfolgt. Zudem werden
Vitalparameter des Patienten noch nicht beriicksichtigt.

6 Zusammenfassung und Ausblick

Mit dem entwickelten Risikomodell kann erstmalig das Patientenrisiko fiir minimalinvasive Bohrprozesse in der
Planungsphase angegeben und damit entschieden werden, ob der Eingriff durchgefiihrt werden soll. Das
Risikomodell kann als einheitliche Grundlage fiir die Bewertung der Verfahren, insbesondere fiir die Zulassung,
genutzt werden. Weiterhin bildet es erstmalig ein Beschreibungsmodell, mit dem eine detaillierte Analyse der
Risikostruktur ~ moglich ist. Damit kann eine zielgerichtete Optimierung der wesentlichen
Unsicherheitskomponenten hin zu einem fiir die Anwendung der Eingriffe akzeptablen Risiko durchgefiihrt
werden. Das dies notwendig ist, zeigt die Anwendung auf das konkrete Beispiel der Cochlea-Implantation, bei
dem das Patientenrisiko mit 26,2% abgeschétzt wurde.

Aktuell sind alle Modelle noch auf die Planungsphase der Operation ausgerichtet. Zusétzliche Informationen, die
wahrend der Operation hinzukommen, wie bspw. reale Positionen oder gemessene Temperaturwerte konnen in
zukiinftige Modelle integriert werden. Zum Einsatz des Risikomodells ist es notwendig, die Unsicherheit des
CEM43-Wertes zu kennen. Dies ist zum aktuellen Zeitpunkt groBtenteils unbekannt und sollte weiter erforscht
werden. Zur Senkung des Risikos sollte vor allem an der Beherrschung der Temperatur und des Energieeintrages
geforscht werden, da dies den grofSten Unsicherheitsbeitrag liefert. Das Risiko eines direkten Treffers alleine ist
ebenfalls zu hoch und kann dadurch gesenkt werden, dass die Systeme zur Bildgebung, zur Segmentierung
sowie zur Referenzierung und Positionierung des Bohrers hinsichtlich ihrer Unsicherheit verbessert werden.
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Abstract

Die minimal-invasive Chirurgie (MIC) entwickelt sich durch den Einsatz von medizinischen Robotern wie dem
da Vinci-System von Intuitive Surgical stetig weiter. Hierdurch kann eine bessere oder gleichwertige Operati-
on bei deutlich geringerer korperlicher Belastung des Operateurs erreicht werden. Dabei entstehen jedoch neue
Problemstellungen wie beispielsweise Kollision zwischen Roboterarmen und die bendtigte Zeit zum Einrichten
einer geeigneten Roboterkonfiguration. Daher ist eine effiziente Vorbereitung und Planung der Interventionen
erforderlich. Diese Arbeit prisentiert einen Ansatz fiir eine verbesserte Planung mit Augmented Reality (AR)
und einer Robotik-Simulationssoftware (RS). die Robotik-Simulation dient zur Berechnung einer Roboterkonfi-
guration unter Vorgabe der Port-Positionen. Augmented Reality wird verwendet, um die berechneten Pose in
der realen Umgebung zu visualisieren und somit leichter in den Operationssaal zu ibertragen.

Keywords: Minimal-invasive Chirurgie, Augmented Reality, Robotik-Simulation

1 Problemstellung

Die groite Barriere fiir den Einsatz von roboterassistierte MIC ist neben dem enormen Anschaffungspreis, die
bendtigte Zeit zum Aufbau des Systems. Dabei ist der Aufbau entscheidend fiir den Ausgang der Operation,
aber auch kostenintensiv, weil in dieser Zeit nicht operiert werden kann um Einnahmen mit dem System zu
erzielen. Deshalb muss das Personal einen perfekten Spagat zwischen optimaler Operationsvorbereitung und
minimalem Zeitaufwand zur Inbetriebnahme schaffen. [1]

Die Problemstellung kann dabei in zwei Aspekte untergliedert werden. Zum einen muss eine optimierte Plat-
zierung ermittelt werden und zum anderen miissen diese Ergebnisse auf die reale Umgebung iibertragen werden.
Die Schwierigkeit bei der Platzierung besteht in der Auswahl der Port-Positionen, sowie der Positionierung der
Roboterarme am Patienten. Wird dies suboptimal durchgefiihrt, kénnen eine Reihe von Problemen auftreten.
Die Zielanatomie ist aufgrund der ungeeigneten relativen Orientierung der Instrumente zum Zielbereich nicht
erreichbar. Ein anderes Problem ist die Kollision von Instrumenten innerhalb des menschlichen Korpers oder
Kollisionen der Roboterarme auflerhalb des Patienten. Ebenso miissen Robotersingularitdten und die Roboter-
gelenkanschlége fiir ein positives Operationsergebnis beriicksichtigt werden. Diese Schwierigkeiten kénnen zu
einer Verinderung der Port-Positionen oder zur Neuausrichtung des Systems fiihren und in schweren Féllen
zum Abbruch der Operation fithren. [2] Um diese negativen Auswirkungen zu vermeiden, ist eine effiziente
Vorbereitung der Operation erforderlich [3]. Der zweite Aspekt der Problemstellung adressiert die Ubertragung
der errechneten Roboterkonfiguration und Port-Position in den realen Operationssaal. Die Verwendung der
préoperativen Planung ist nur dann moglich, wenn diese visualisiert oder in einer anderen Form auf das reale
Setup angewendet werden kann.

2 Material und Methoden
2.1 Stand der Technik

Es gibt eine Reihe von Arbeiten die sich mit der automatischen Optimierung der Port-Platzierung und Roboter-
konfiguration beschiftigen, wobei die Identifizierung der Port-Position als mathematisches Problem beschrieben
wurde und die Visualisierung in einer virtuellen Welt dargestellt wurde [3-8]. Durch den Einsatz der virtuellen
Realitdt war es nur schwer moglich die Ergebnisse in die realen Umgebungen zu iibertragen.

Ein etwas anderer Ansatz zur Losung des Planungsproblems ist der wissensbasierte Ansatz, wobei nur die
Ergebnisse der Planung durch eine Mixed-Reality-Umgebung auf den menschlichen Kérper projiziert wird [9,10].
Diese Arbeit zeigt an einfacheren Transfer der Planungsergebnisse, wihrenddessen nur die Port-Platzierung
angezeigt wird und keine Darstellung der Roboterkonfiguration erfolgt.

Im Rahmen der Recherche wurde nur die Visualisierung der Port-Position mithilfe von Mixed Reality auf der
Hautoberfliche des Patienten ermittelt. Dabei gibt es nach aktueller Recherche kein System, das die errechnete
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Roboterkonfiguration visualisiert, die fiir die Platzierung der Roboterarme am Patienten notwendig wire. Zudem
gibt es kein System, dass die Visualisierung mit Hilfe von AR durchfiihrt. Daher wird eine Planungsumgebung
vorgeschlagen, um die Roboterkonfiguration zu optimieren und fiir die Inbetriebnahme in AR darstellt.

2.2 Planungsumgebung

Die Planungsumgebung besteht aus den zwei Hauptkomponenten Robotik-Simulation (RS) und Augmented
Reality (AR). Dabei wird ein extern bezogenes Robotermodell ! von der RS zur Berechnung der Roboterkonfi-
guration und von der AR zur Visualisierung in der realen Welt verwendet. Bei dem verwendeten Robotermodell
handelt es sich um den da Vinci S von Inuitiv Surgical, der mit drei Armen ausgestattet ist, weil dieses System
fiir eine mogliche Evaluierung zur Verfiigung steht. Die RS wurde mit der Robotiksoftware V-Rep umgesetzt,
wobei darin die Aufbereitung des Modells und die Modellierung der kinematischen Kette vorgenommen wur-
de. Die AR ist die zentrale Komponente, die die benétigten Informationen fiir den Benutzer visualisiert und
Interaktionen wie Sprachsteuerung, Gestensteuerung und Feedback ermoglicht. Dabei interagiert der Benutzer
nur iiber die AR mit der Planungsumgebung. Dazu wurde eine Applikation in der Spieleentwicklungs-Engine
Unity3D erstellt, die auf die Microsoft HoloLens portiert wird, die anhand von eingebauter Rechenleistung,
Sensorik sowie Optik in der Lage ist virtuelle Objekt innerhalb der realen Welt einzublenden. Die HoloLens ist
eine kabelloses Head Mounted Display (HMD), das autark betrieben wird.

Im Falle dieser Arbeit wird die RS auf einem separaten Rechner ausgefiihrt und iiber WLAN mit der AR
synchronisiert. Die synchronisierten Daten bestehen aus der Port-Position und Kommandos zum Starten der
Berechnungen, die von der AR an die RS iibertragen wird. Im Gegenzug wird die Gelenkkonfiguration an die
AR iibermittelt. Abbildung 1 zeigt den beschriebenen Datenaustausch. In unseren Ansatz kommuniziert der
Benutzer nur mit der AR, wahrend dessen die RS im Hintergrund lduft.
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Abbildung 1: Datenaustausch zwischen AR und RS

2.2.1 Robotik-Simulation (RS)

Die Berechnung der Roboterkonfiguration wird anhand von Abbildung 2 verdeutlicht, wobei im ersten Teil des
Bildes das Gesamtsystem, im zweiten Teil die Gelenke des mittleren Arms und im dritten Teil des Bildes die
Gelenk der beiden dufleren Arme dargestellt sind. Die Ermittlung einer Konfiguration beinhaltet auf drei Ein-
schrankungen. Als Erstes muss eine Konfiguration gefunden werden, bei der der Instrumenten-Rotationspunkt
mit der Pose des entsprechenden Ports iibereinstimmt. Als Zweites darf keine Kollision zwischen unterschiedli-
chen Roboterarmen und innerhalb eines Roboterarmes vorliegen. Als letztes miissen die Gelenke G3 der dufleren
Roboterarme einen maximal groflen Abstand zu dem Gelenk G2 des mittleren Roboterarms besitzen, um nun
eine optimierte Konfiguration zu erhalten . Dabei ist der mittlere Arm immer in Richtung des rechten Arms
ausgerichtet. Die Implementierung der Konfigurationsermittlung basiert auf der Berechnung von 15 unterschied-
lichen Konfiguration, wobei die Erreichung der Port-Position ohne jegliche Kollision berechnet wird. Anschlie-
Bend wird die Roboterarmkombination gewéhlt, die den groBiten Abstand der Gelenk G2 des mittleren Arms
und G3 der beiden dufleren Arme besitzt.

Thttps://www.turbosquid.com/3d-models/max-da-vinci-robot /788008
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Abbildung 2: 1: Darstellung des Gesamtsystem aus Vorderansicht und Draufsicht. 2: Darstellung der Gelenk-
positionen des mittleren Arms. 8: Darstellung der Gelenkpositionen der dufSeren Arme

2.2.2 Augmented Reality (AR)

Diese Komponente ist verantwortlich fiir die Hologramm-Platzierung in der realen Welt und die Synchronisati-
on. Die Hologramm-Platzierung ist ein wichtiger Aspekt, um die Ergebnisse der Konfigurationsberechnung in
die reale Welt zu iibertragen. Daher sollte die Hologramm-Roboterbasis identisch iiber der realen Roboterbasis
des chirurgischen Roboters liegen. Dabei kann die Hardware keine feste Pose fiir den Ursprung einrichten. Nach
jedem Neustart der Anwendung wird der Ursprung des relativen Koordinatensystems auf die aktuelle Position
des HMD gesetzt. Um diese Einschrénkung zu losen, wurden zwei Methoden entwickelt. Die erste Methode
verwendet Marker, die die absolute Pose im Raum bestimmen. Dazu wird ein Marker auf der Roboterbasis
verwendet, der von den eingebauten Kameras erkannt und durch Bildverarbeitung verarbeitet wird?. Zur Rea-
lisierung der Markererkennung wurde das Toolkit von Vuforia verwendet. Dabei wird ein auditives Feedback
implementiert sobald ein Marker erkannt wird. Zusétzlich wurden die Sprachbefehle ,,Move Robot“, ,, Place Ro-
bot*, ,,Start Calculation“ und ,Pause Calculation“ eingefiihrt, die ebenfalls mit auditiven Feedback versehen
wurden. ,Move Robot “ 16st die starre Kopplung des Markers mit dem virtuellen Model, wobei sich das virtuelle
Modell immer mit dem Marker bewegt. Wird der Befehl ,,Place Robot“ ausgelost, wird die Kopplung entfernt
und das Modell wird fest im Raum platziert. Die zweite Methode zur Platzierung des virtuellen Roboters iiber
dem realen ist die Freihandplatzierung durch den Benutzer, die mit dem HoloToolkit von Microsoft realisiert
wurde. Dabei wird die Blickrichtung sowie die Hand des Benutzers erkannt und Greifbewegungen registriert,
die eine dreidimensionale Positionierung im Raum ermdglichen.

© @ 6

oP®

Abbildung 3: Visualisierung der Blickrichtung (1), der Handerkennung (2),der Greifbewegung(3)

Damit die Blickrichtung sowie die Handerkennung fiir den Benutzer erkenntlich wird wurde ein Feedback-

2https://library.vuforia.com/articles/ Training/Tmage-Target-Guide
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System realisiert, dass in Abbildung 3 dargestellt ist. Das erste Symbol visualisiert die Blickrichtung, wobei diese
zu jedem Zeitpunkt sichtbar ist oder durch eines der folgenden Symbole ersetzt wird. Mit dem zweiten Symbol
wird die Handerkennung visualisiert. Dabei wird die Visualisierung der Blickrichtung durch das zweite Symbol
ersetzt. Das dritte Symbol zeigt die Registrierung einer Greifbewegung, wobei das vorhergehende Symbol ersetzt
wird.

Waurde ein greifbares Objekt anvisiert und eine Greifbewegung durchgefiihrt wird das auditiv zuriickgemeldet
und kann anschlieBend dreidimensional im Raum bewegt werden. Im Rahmen der Arbeit haben wir eine Frei-
handplatzierung fiir die Ports, allen Gelenken und der Roboterbasis ermdglicht. Damit soll eine flexible Platzie-
rung und benutzerspezifische Konfigurationsanpassung geschaffen werden. Wihrend einer manuellen Anpassung
der Roboterkonfiguration wird die dritte Einschrénkung mit der Berechnung der des grofiten Abstands zwischen
dem Gelenk G2 des mittleren und G3 der dufleren Arme aufler kraft gesetzt. Der Ablauf der Interaktion wird
in Abbildung 4 und die AR-Sicht durch das HMD in Abbildung 5 dargestellt.
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Abbildung 5: AR-Sicht durch die Microsoft HoloLens auf das virtuelle Planungsmodell
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3 Ergebnisse

Das Ergebnis dieser Arbeit ist eine prototypische Planungsumgebung, in der die prioperative Positionierung
der Roboterarme unter Vorgabe der Port-Position durchgefithrt und trainiert werden kann. Dabei wurde ei-
ne Moglichkeit zur Ergebnisiibertragung geschaffen, die AR verwendet um die errechnete Roboterkonfigurati-
on in einer realen Umgebung immersiv zu visualisieren. Das Mapping zwischen virtuellen Objekt und realer
Umgebung kann durch das integrierte Marker-Tracking einfach angewendet werden, wobei jederzeit manuelle
Verbesserungen vorgenommen werden kénnen.

Des weiteren wurde ein Ansatz zur Konfigurationsberechnung vorgestellt, der in der Praxis &hnliche An-
wendung findet. Dabei wird anhand von Markierungen auf den Gelenken G3 der dufleren Arme versucht diese
moglichst weit nach auflen innerhalb des markierten Bereichs zu bewegen, wihrend die Port-Position einge-
halten wird. Darauf aufbauend wurde die vorgestellte Konfigurationsberechnung entwickelt, die diese manuelle
Verfahren automatisieren kann, wobei manuelle Modifizierungen durch die Erfahrung des Chirurgen und somit
benutzerspezifische Préferenzen einbezogen werden koénnen.

Um die virtuelle Konfiguration zu modifizieren, wurde ein intuitives Interaktionskonzept benétigt, das durch
Sprachbefehle, Gestenbefehle, visuelle und auditive Riickmeldungen realisiert wird. Wobei die Verwendung von
Blick- und Handerkennung der Art und Weise dhnelt, wie wir mit alltéiglichen Dingen in der realen Welt
interagieren, wie etwas betrachten und danach greifen. Zusétzlich helfen die Feedback-Methoden dem Benutzer,
die Aktionen auf Hologrammen mit dem zu verbinden, was man sehen und héren kann.

4 Diskussion

Die vorgestellte praoperative Planungsumgebung befindet sich noch in einem prototypischen Stadium, indem
noch eine Evaluierung der leichteren Ergebnisiibertragung von der virtuellen Planung in die reale Umgebung
durchgefiihrt werden muss. Auflerdem ist die aktuelle Konfigurationsoptimierung noch nicht auf dem Stand der
Technik hinsichtlich anderer Optimierungsverfahren. Nichtsdestotrotz ist das Potential durch die Verwendung
einer Visualisierung in AR deutlich erkennbar. Werden Planungsumgebungen, die ihre Ergebnisse in virtuel-
ler Realitdt darstellen, mit der in dieser Arbeit vorgestellten Ergebnisvisualisierung in AR verglichen, so liegt
eine leichtere Uberfithrung in die reale Umgebung mit unserem Ansatz nahe. Ebenso kann davon ausgegan-
gen werden, dass die immersive Darstellung der Roboterkonfiguration einen Vorteil bei der Platzierung des
Medizinroboter am Patienten bietet.

5 Zusammenfassung

Es wurde eine priaoperative Planungsumgebung fiir roboterassistierte Eingriffe mithilfe von augmentierter Rea-
litéit und Robotik-Simulation vorgestellt, die sich noch in einem prototypsichen Stadium befindet. Dabei wurde
das Potential zur Optimierung in der Ergebnisiibertragung aus der Planung in die reale Umgebung aufgezeigt.
Als Ausblick wird die Weiterentwicklung des Optimierungsverfahrens bei der Konfigurationsermittlung sowie
eine Evaluierung der getroffenen Annahmen zum Ziel gesetzt.
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Abstract

Die Planung chirurgischer FEingriffe stellt einen entscheidenden Schritt bei der Behandlung von Erkrankun-
gen wie Lebermetastasen dar. Zur Unterstitzung von Chirurgen wurden daher zahlreiche Anwendungen zur
Planung und abstrakten Simulation solcher FEingriffe entwickelt. Diese stoflen jedoch schnell an wverschiede-
ne Grenzen, wie unzureichende Interaktions- und Visualisierungsmdglichkeiten. In dieser Arbeit wird ein auf
aktueller Virtual-Reality- Technologie basierender Softwareprototyp vorgestellt, der einen neuen Ldsungsansatz
in diesem Bereich darstellen soll und sich zundchst auf laparoskopische Leberresektionen spezialisiert. Durch
den Finsatz geeigneter FEingabegerdte und der Mdglichkeit patientenspezifische Datenmodelle in die virtuelle
Umgebung einzufiigen, liefert der Prototyp neuartige Interaktionsmdglichkeiten zur Fingriffsplanung sowie in-
dividuelle Trainingsmdglichkeiten. Fine erste qualitative Nutzerstudie zeigt die Niitzlichkeit und Benutzbarkeit
der Anwendung und bestdtigt, dass der entwickelte Prototyp eine sinnvolle Basis fiir zukiinftige Arbeiten bildet.
Die Weiterentwicklung des hier vorgestellten Ansatzes konnte zukiinftig dazu beitragen das Potenzial bisheriger
Planungs- und Simulationsmethoden besser auszuschopfen.

Keywords: Virtual Reality, Laparoskopie, Simulation

1 Problemstellung

Die Planung eines chirurgischen Eingriffs sowie die mentale Vorbereitung auf diesen stellen fiir Chirurgen ei-
ne wichtige Aufgabe dar. Durch bildgebende Verfahren kann die Lage und Position von im Korperinneren
liegenden Strukturen genauer eingeschétzt werden. Zur Planung muss sich der ausfithrende Chirurg anhand
der vorliegenden Bilder ein mentales 3D-Modell aufbauen. Moderne Operationsplanungssoftware ermoglicht es
3D-Organmodelle auf Basis tomographischer Bilder zu erstellen und in medizinische Dokumente einzubetten,
z.B. in PDF-Dateien [1]. Weitere Anwendungen erméglichen die Interaktion und chirurgische Planung mittels
solcher Modelle [2]. In der Regel werden diese Daten jedoch auf einem zweidimensionalen Monitor betrachtet,
wodurch Tiefeninformationen verloren gehen. Ein weiteres Verfahren wird durch das physische Drucken eines
3D-Modells dargestellt. Je nachdem, welche Komponenten zum Drucken verwendet werden, kénnen dabei hap-
tische Begebenheiten realistisch wiedergegeben werden, was fiir Simulations- und Trainingszwecke vorteilhaft
ist. Jedoch miissen dabei fiir jeden Patienten neue Modelle gedruckt werden, um alle spezifischen Merkmale
beriicksichtigen zu kénnen, was zurzeit kosten- und zeitintensiv ist [3]. Aus diesem Grund werden gedruckte
3D-Modelle zum aktuellen Zeitpunkt nur in besonderen Féllen verwendet.

Neben der Planung eines operativen Eingriffes sind vor allem eine vorangegangene chirurgische Ausbildung und
zahlreiche Trainingseinheiten notwendig, um das Eingriffsrisiko zu minimieren. Um eine ausreichende Vorbe-
reitung zu ermoglichen, werden daher verschiedenste Simulatoren eingesetzt, an denen angehende Chirurgen
innerhalb virtueller Realitdten bestimmte Operationstechniken und psychomotorische Fahigkeiten trainieren
kénnen [4]. Chirurgen kénnen dabei unterschiedliche laparoskopische Trainingsszenarien wiihlen, welche sich
durch iiber die Zeit steigende Qualitéit und Komplexitdt auszeichnen. Die dabei verwendeten Szenarien sind
jedoch im Regelfall nicht patientenspezifisch [5]. Die Moglichkeit einen Eingriff bereits im Vorfeld virtuell an-
hand der vorliegenden Daten zu simulieren, wiirde einen deutlichen Mehrwert bei der Vorbereitung auf einen
Eingriff bieten. Zudem ist der Anteil virtueller Realitdt bei diesen Simulatoren stark begrenzt, da lediglich das
Korperinnere simuliert und iiber einen konventionellen Monitor wiedergegeben wird. Dies begrenzt die wahrge-
nommene Immersion der Nutzer, welche sich stetig bewusst sind, lediglich eine Trainingssimulation zu erleben.
So konnten Huber et al. bereits zeigen, dass die Verwendung eines aktuellen Head-Mounted-Displays (HMD)
in Verbindung mit einem laparoskopischen Simulator ein hohes Mafi an Immersion und Présenz hervorrufen
kann [6].

In dieser Arbeit wird deshalb eine Alternative zu bestehenden Planungs- und Simulationsmoglichkeiten vorge-
stellt, die es dem Nutzer unter Verwendung von aktuellen HMD-Technologien ermdéglicht, patientenindividuelle
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Daten zu explorieren und anhand dessen einen laparoskopischen Eingriff innerhalb hoch-immersiver Virtueller
Realitédt (VR) zu planen und zu simulieren. Im Folgenden werden zunéchst die technischen Komponenten des
Systems beschrieben und anschliefflend auf eine erste qualitative Evaluierung des Prototyps eingegangen.

2 Material und Methoden

Um den in dieser Arbeit vorgestellten Prototyp umzusetzen, wurde die kommerziell verfiighare HTC Vive als
VR-HMD-Losung ausgewéhlt. Das relativ grofle Sichtfeld zusammen mit Head-Tracking und einer auf Stereo-
skopie basierenden Anzeigemethode ermdoglichen eine hoch-immersive Erfahrung fiir den Nutzer. Neben der zur
HTC Vive zugehorigen Controller finden dabei die fiir die Simulation laparoskopischer Eingriffe entwickelten Ein-
gabegerite Simball-Joysticks von G-Coder Systems Anwendung. Aufgrund ihres Designs lassen sich natiirliche
Interaktionsmoglichkeiten realisieren. Als Laufzeit- und Entwicklungsumgebung wurde die Computerspielegine
Unity verwendet. Diese bietet unter anderem eine native Unterstiitzung der HTC Vive sowie mehrere Werk-
zeuge, die das Entwickeln einer VR-Anwendung unterstiitzen und beschleunigen kénnen. So liefert das Virtual
Reality Toolkit (VRTK) bereits vorgefertigte Losungen zur grundlegenden Interaktion mit Objekten in VR. Das
SOFA Framework [7], welches mittels zweier Schnittstellen in Unity integriert wurde, dient der physikalischen
Simulation des Verhaltens von Weichgewebe. Unter Verwendung der Simulationsschleife des SOFA Frameworks
kann so die visuelle Darstellung von Objekten innerhalb Unitys entsprechend berechnet und aktualisiert werden.
Da die Anwendung zwei verschiedene Ziele, namlich Planung und Simulation, verfolgt, fand eine Unterteilung
in zwei verschiedene Modi statt.

2.1 Explorationsmodus — Eingriffsplanung
(a) Darstellung der Explorationsszene (b) Visualisierung der Lebergefifie und
mit Lebermodell. Virtuelle Skalpell und des Tumors mit ausgeblendeter Leber-
Stift befinden sich auf dem OP-Tisch. oberfliache.

Abbildung 1: Explorationsmodus. Visualisierung eines Lebermodells mit den Komponenten: Leberoberfliche
(braun), Portalvene (blau), Lebervene (tiirkis) und Tumor (gelb).

Durch die vergréfierte Darstellung eines interaktiven 3D-Organmodells basierend auf patientenspezifischen Da-
ten kann eine Basis zur Planung chirurgischer Eingriffe geboten werden. Exemplarisch wurde zunichst ein
Lebermodell basierend auf einer Fraunhofer MEVIS Leberoperationsplanung verwendet [8]. Mit Hilfe eines Vive-
Controllers wird die Translation und Rotation des 3D-Objekts durch direkte Interaktion ermdglicht. Bei Kontakt
des Controllers mit dem zuvor definierten interaktiven Modell wird dieses zunéichst durch eine Farbénderung
hervorgehoben, um dem Nutzer eine moégliche Aktion zu vermitteln. Durch Nutzen der Trigger-Taste kann das
Objekt gegriffen, d.h. an den Controller gebunden, und durch einfache und natiirliche Handbewegungen in
der Szene verschoben und gedreht werden. Zusétzlich dazu wurde eine Rotation iiber das Trackpad des Vive-
Controllers implementiert, um eine prézisere Kontrolle zu ermdoglichen.

Entsprechend Abbildung 1(b) kénnen zudem verschiedene segmentierte Organstrukturen ein- oder ausgeblendet
werden, um den Planungsprozess zu unterstiitzen. Die Strukturen werden durch eine geeignete Farbgebung klar
voneinander abgegrenzt. Dafiir kann sowohl eine bestimmte Tastenkombination mit dem Vive Controller als
auch ein speziell fiir diesen Modus entwickeltes User-Interface in Form eines VR-Meniis verwendet werden. Au-
Berdem konnen durch das Interface weitere Funktionen wie das Laden oder Loschen von Objekten, das Wechseln
der Szene oder auch das Beenden der Anwendung ausgewihlt werden. Die Navigation durch das Menii erfolgt
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mit Hilfe eines vom Controller ausgehenden virtuellen Laserpointers. Dieser kann per Tastendruck aktiviert und
als Alternative zur direkten Interaktion durch den Controller eingesetzt werden. Um weitere Planungsmetho-
den bereitstellen zu kénnen, wurden virtuelle Modelle eines Skalpells und eines Stifts in die Szene eingefiigt.
Dadurch soll dem Nutzer die Option gegeben werden, Resektionslinien einzuzeichnen sowie daraus entstehende
Schnittresultate besser bewerten zu kénnen.

2.2 Laparoskopiemodus — Eingriffssimulation
(a) Darstellung des virtuellen OP-Saals. Endoskopi- (b) VergréBlerung des virtuellen Monitors. Darstel-
sche Sicht in den Bauchraum kann iiber einen virtu- lung des Abdomens zur Eingriffssimulation.

ellen Monitor betrachtet werden.

Abbildung 2: Laparoskopiemodus. Sicht eines Nutzers vor einem Patienten in einem virtuellen OP-Saal. Lapa-
roskopische Werkzeuge sowie ein virtueller Monitor befinden sich vor ihm.

Bei der Darstellung des Laparoskopieszenarios sollte vor allem ein hoher Immersionsgrad erreicht werden. Dies
konnte unter anderem durch Nutzung des von Huber et al. [9] verwendeten virtuellen Operationssaals und der
Reprisentation der angebundenen Simball-Joysticks sowie derer Bewegungen innerhalb der virtuellen Realitét
erreicht werden. Zusétzlich konnte durch Verwendung des SOFA Frameworks [7] die physikalische Simulati-
on von Gewebeverhalten beim Schneiden innerhalb von Unity umgesetzt werden. Im Inneren des virtuellen
Patienten wurde ein anatomisch realistisches 3D-Abdomenmodell auf Basis des OpenHELP-Datensatzes [10]
positioniert. Die dazugehorigen Leberdaten wurden durch ein anderes 3D-Lebermodell ersetzt, welches zur Ver-
wendung mittels des SOFA Frameworks vorbereitet und verarbeitet wurde.

Da zunéchst nur von der Nutzung durch eine Person ausgegangen wurde, wurde zudem ein drittes virtuelles
Laparoskop als Kamera starr im Korperinneren platziert und das davon ausgehende Kamerabild auf den virtuel-
len Bildschirm des Operationssaals iibertragen. Durch Verwendung der zwei Simball-Joysticks kann der Nutzer
die virtuellen Instrumente frei bewegen. Uber eine Art Laser ausgehend von den Endpunkten der Gerite wird
eine verlingerte Darstellung dieser gegeben. Bei Kontakt mit dem Lebermodell kann dieses sowohl gegriffen als
auch reseziert werden. Hierzu muss der zum Simball gehérende Griff vom Anwender zusammengedriickt wer-
den. Das entsprechende Werkzeug wird iiber einen Schwellwert aktiviert, was wiederum durch eine Umfarbung
des zuvor genannten Lasers verdeutlicht wird. Die Resektion entspricht hierbei dem Entfernen einzelner Drei-
ecke beziehungsweise dazugehoriger Tetraeder des Modellnetzes, sodass die daraus resultierenden Schnitte und
Deformationen entsprechend der Modellauflésung mitunter unprézise und grob wirken. Realistische Resultate
koénner daher aktuell nur bedingt erzielt werden.

2.3 Pilotstudie

Fiir eine erste Evaluierung der entwickelten Anwendung wurde eine qualitative Studie durchgefiihrt. Ziel war
die Niitzlichkeit und Benutzbarkeit des Systems zu bestimmen sowie Feedback zur weiteren Verbesserung der
einzelnen Komponenten zu erhalten. Dazu wurden drei Chirurgen mit Erfahrung in VR und laparoskopischer
Leberresektion gebeten, den Planungs- und Simulationsmodus der Anwendung zu benutzen und dabei die Think-
Aloud-Methode anzuwenden . Der Prototyp wurde dabei zusammen mit den zuvor beschriebenen Hardware-
Komponenten HTC Vive, Vive-Controller und Simball-Joysticks auf einem Rechner mit Intel Core i7-Prozessor
einer NVIDIA Geforce GTX 1070 Grafikkarte und 16GB RAM Arbeitsspeicher getestet. Der Versuchsaufbau
kann schematisch in Abbildung 3(a) betrachtet werden. Analog zum Prototyp wurde auch die Evaluierung in
zwei Teilabschnitte gegliedert. Versuch 1 galt der Interaktion im Explorationsmodus wihrend Versuch 2 der
Interaktion im Laparoskopiemodus gewidmet war. Zuvor wurden fiir beide Teilversuche Aufgaben definiert, die
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(a) Schematische Darstellung des Versuchsaufbaus. (b) Nutzerinteraktion mit Simball-
Joysticks im VR-Laparoskopiemodus.

Abbildung 3: Studienablauf. Proband befindet sich vor Simball-Joysticks und betrachtet VR-Inhalte iiber eine
HTC-Vive. Basisstation wird zum tracken des Vive-Controllers und der Kopfposition des Nutzers verwendet.

von jedem Studienteilnehmer absolviert werden sollten.

Im Explorationsmodus stand dabei vor allem die Navigation durch das VR-Menii und die allgemeine Steuerung
in VR mittels des Vive Controllers im Vordergrund. Nach Erkldrung der grundlegende Steuerung mittels des
HTC Vive Controllers, sollte zunéichst das Interface des Meniis geoffnet und damit interagiert werden. Insbe-
sondere sollten die Nutzer ein Objekt iiber das Menii laden und bestimmte Ebenen des dargestellten Objekts
deaktivieren. Weitere Interaktionsaufgaben stellten die Translation und Rotation des geladenen Objekts sowie
das Setzen von Markierungen mittels Marker-Tool dar.

Im Laparoskopiemodus sollten die Nutzer evaluieren, wie sicher mit den Simballs-Laparoskopiewerkzeugen in
VR interagiert werden kann und ob die prototypische Anwendung zur Simulation bestimmter laparoskopischer
Eingriffe geeignet ist. Dazu wurden die Anwender in der virtuellen Laparoskopieszene platziert und gebeten
mit Hilfe der Instrumente ein sich im virtuellen Abdomen befindliches Lebermodell zu greifen und einen grob
festgelegten Bereich des Lebermodells zu entfernen (Resektion der Lebersegmente 2/3). Abbildung 3(b) zeigt
exemplarisch die Nutzung des Simulators im verwendeten Versuchsaufbau.

Entsprechend der Think-Aloud-Methode wurden die Nutzer gebeten alle Handlungen und Interaktionen mit dem
System zu kommentieren und die jeweilige Situation zu beschreiben. Zudem wurden Fragen der Dimensionen
Benutzbarkeit und Niitzlichkeit des Fragebogens meCUE verwendet, um eine erste quantifizierbare Aussage
beziiglich dieser Aspekte treffen zu kénnen [11]. Dabei wurden die Probanden nach jedem Teilversuch gebeten,
Antworten beziiglich der meCUE-Fragen auf einer siebenstufigen Likert-Skala von ”lehne vollig ab”bis Btimme
vollig zuBBu geben. Anschliefend wurden entsprechend des Fragebogen-Designs die Ergebnisse innerhalb der
einzelnen Dimensionen und danach iiber die Probanden gemittelt.

3 Ergebnisse

Nach der Pilotstudie wurden die Kommentare der Probanden ausgewertet und zusammengefasst. Beziiglich des
Explorationsmodus stellte vor allem die Moglichkeit, das Modell frei begehen zu kénnen, eine neuartige Erfah-
rung dar und wurde als hilfreiche Ergénzung bei der Planung beurteilt. Dabei wurde die allgemeine Interaktion
mit dem dargestellten 3D-Organmodell mittels des verwendeten Vive Controllers positiv wahrgenommen. Auch
die Interaktion mittels Laserpointer wurde als positiv und intuitiv bewertet. Allerdings stellte sich der Umgang
mit den virtuellen Werkzeugen, wie dem Marker-Tool, als vergleichsweise mithsam heraus. Auflerdem ergab
die Auswertung, dass das User-Interface durch in der Szene befindliche Objekte verdeckt werden konnte, wo-
durch die Interaktion mit dem Laserpointer erschwert wurde. Schliellich gaben die Probanden an, sich einige
zusétzliche Funktionen zu wiinschen. So sollte es die Moglichkeit geben, die Transparenz einzelner Ebenen des
3D-Modells modifizieren zu kénnen. Auflerdem wurde das Fehlen zusétzlicher Informationen wie dem Volumen
der Leber oder einzelner Lebersegmente beméngelt, da auf diese Informationen fiir eine vollstdndige Planung
nicht verzichtet werden kann.

Bei der Verwendung des Laparoskopiemodus bemerkten die Teilnehmer ein vergleichsweise unrealistisches phy-
sikalisches Verhalten des Lebermodells beim Greifen und Schneiden mit den genutzten Instrumenten. Zudem
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erwies sich die Positionierung der virtuellen Trokare sowie der Umsetzung der Bewegung zwischen realem und
virtuellem Instrument noch als unausgereift. So waren bestimmte Bereiche des Lebermodells nur schwer oder
gar nicht erreichbar. Auflerdem haben sich die Probanden weitere Interaktionsmoglichkeiten gewiinscht. So er-
gab die Auswertung, dass die Steuerung der laparoskopischen Kamera im Abdomen sinnvoll wire und, dass
durch Anbindung eines Fufipedals zur Steuerung der Elektroden am Schneidewerkzeug ein héherer Grad an
Realitdtstreue erzielt werden konnte. Beziiglich des Realitdtsgrades wurde zudem angemerkt, dass weitere, im
OP héufig durchgefiihrte Arbeitsschritte — wie das Verschlieflen offener Bereiche mittels Clips — simuliert werden
sollten. Die Darstellung zusétzlicher Strukturen wie bestimmter Ligamente am verwendeten Modell sei dafiir
ebenso relevant und fordere zudem die prézise Orientierung wéihrend des Eingriffs. Schliellich wurden fehlende
Feedback-Elemente, wie die Darstellung der eigenen Hénde sowie Haptik, bemerkt.

Zusammenfassend wurde der entwickelte Prototyp von den evaluierenden Chirurgen als ,,gute Basis® fiir zukiinftige
Entwicklungen bewertet. Vor allem die Moglichkeit, patientenspezifische Daten verwenden zu kénnen, wurde
als Vorteil im Vergleich zu bekannten Simulatoren angesehen. Die Verwendung von VR zeigte speziell im Ex-
plorationsmodus einen Mehrwert und konnte mit den gegebenen Interaktionsméglichkeiten iiberzeugen.

Die Auswertung der meCUE-Fragebogen ergab fiir den Explorationsmodus eine durchschnittliche Bewertung
von 5,33 + 0, 33 hinsichtlich der Benutzbarkeit und 4,67 + 1,45 hinsichtlich der Niitzlichkeit. Fiir die Verwen-
dung des Laparoskopiemodus wurde ein Score von rund 4,33 + 1,73 beziiglich der Benutzbarkeit und 4,33 +
1, 73 beziiglich der Niitzlichkeit erreicht.

4 Diskussion

Beide Komponenten der Anwendung wurden hinsichtlich ihrer Benutzbarkeit und Niitzlichkeit positiv bewertet.
Dies deutet auf Potenzial fiir weitere Entwicklungsschritte hin und deckt sich mit der qualitativen Bewertung
der Anwendung als ,,gute Basis“. Aufgrund der kleinen Versuchsgruppe der Nutzerstudie miissen die Ergebnisse
entsprechend vorsichtig bewertet werden. Dies trifft vor allem auf die quantitativen meCUE-Daten zu und spie-
gelt sich in vergleichsweise hohen Standardabweichungen von bis zu 1,73 wieder. Deshalb ist eine Bewertung
des Prototyps aufgrund dieser Ergebnisse nur begrenzt aussagekriftig. Dennoch lisst sich ein Trend erkennen.

Es konnten wertvolle Erkenntnisse aus den Ergebnissen des Think-Aloud- Versuchs gewonnen werden. Die direk-
te Interaktion mit virtuellen Objekten via Vive-Controller und Laserpointer wurde positiv bewertet wihrend die
Handhabung von virtuellen Werkzeugen durch Greifen und Fiihren mittels Controller als miithsam betrachtet
wurde. Der Vive-Controller sollte daher stets direkt verwendet werden, um zusétzliche mentale Beanspruchun-
gen durch die indirekte Ubertragung der Controller-Bewegung auf die gehaltenen Werkzeuge zu vermeiden.
Auflerdem gaben die Probanden an, von der Darstellung weiterer Informationen zur Eingriffsplanung profitie-
ren zu konnen. Ansétze zur Darstellung von Risokoanalysedaten wéren hierbei von Nutzen [12], [13]. AuBerdem
sollten in zukiinftigen Entwicklungen verschiedene Ansitze zum Messen von Distanzen und Volumina bedacht
werden. Das IMHOTEP VR Framework stellt dabei bereits grundlegende Funktionen bereit und kann belie-
big um eigene Ansétze erweitert werden [14]. Eine Integration des hier vorgestellten Prototyps innerhalb des
Frameworks wiirde somit verschiedene Vorteile bieten. Beziiglich der laparoskopischen Simulation wurde vor
allem mangelnde Realititsnihe angemerkt. Da es sich hierbei um einen zentralen Aspekt der Simulation han-
delt, miissen dahingehend weitere Arbeitsschritte vorgenommen werden. Eine Kombination aus verbesserter
Parametrisierung der Modelle sowie Anbindung weiterer Eingabegerite zur Steuerung des Endoskops und der
Elektroden kann dabei wertvolle Verbesserungen bieten.

Die Handhabung laparoskopischer Instrumente unterliegt dem Fulcrum-Effekt — die Endpunkte der Instrumente
bewegen sich stets entgegengesetzt der eigenen Hénde. Diese nicht-intuitive motorische Aufgabe wird aufgrund
fehlenden Feedbacks auf Seiten des entwickelten Prototyps weiter erschwert. Deshalb sollten weitere Feedback-
modalitéten erschlossen werden. So kann sich die Visualisierung der eigenen Hénde als hilfreich erweisen und
die Immersivitidt der Anwendung steigern [15].

Die Verwendbarkeit patientenspezifischer Daten wurde von den Probanden als Vorteil herausgestellt. Der hier
beschriebende Prototyp setzt jedoch aufbereitete 3D-Modelle voraus. Aufgrund aufwéndiger Bildanalysen me-
dizinischer Datensétze zur Generation dieser Modelle muss auch in anderen Bereichen weitere Forschungsarbeit
betrieben werden.

Aktuell wurde der Prototyp auf den Anwendungsfall Leberresektion ausgelegt. In weiteren Arbeiten kénnte der
Simulator jedoch um weitere laparoskopische Eingriffe ergénzt werden. Dabei miisste die virtuelle OP-Szene
auf die jeweiligen Anforderungen des Anwendungsfalls angepasst und segmentierte 3D-Modelle der betreffen-
den Organe verwendet werden. Durch eine Implementierung spezifischer Komplikationen kénnten die Eingriffe
somit in VR trainiert werden.
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5 Zusammenfassung

In dieser Arbeit wurde ein Softwareprototyp vorgestellt, der eine neue Methode zur Planung und Simulation
laparoskopischer Leberresektionen mittels VR-Technologie und intuitiver Interaktionsmoglichkeiten bietet. Die
Anwendung wurde in einer Nutzerstudie evaluiert, wodurch Stidrken und Verbesserungspotenziale aufgezeigt
werden konnten. Besonders die Exploration patientenspezifischer Datenmodelle (Abschnitt 2.1) sowie einherge-
hende Interaktionsmoglichkeiten wurden von den Nutzern sehr positiv aufgenommen. Die virtuelle Eingriffspla-
nung (Abschnitt 2.2) kénne jedoch in Zukunft von einer Visualisierung fiir den Chirurgen wichtiger Informa-
tionen profitieren. Die Eingriffssimulation wurde insgesamt eher schlechter als die Datenexploration bewertet,
erhielt aber dennoch Zuspruch als sinnvolle Grundlage fiir weitere Entwicklungen in diesem Bereich. Vor allem
die Schnittsimulation erwies sich als zu unprézise und unrealistisch. Zudem stelle die Anbindung weiterer Ein-
gabegerite eine sinnvolle Moglichkeit dar, Eingriffe realitdtsndher zu simulieren und kollaborative Tétigkeiten
zu trainieren. Insgesamt bietet der entwickelte Prototyp grofles Potenzial als Grundlage fiir zukiinftige Arbei-
ten die Moglichkeiten bisheriger Planungs- und Simulationsmethoden besser auszuschépfen und zeigt auf, dass
hochimmersive VR eine sinnvolle Ergénzung in der Medizin darstellen kann.

Danksagung Die vorliegende Arbeit wurde von der EU und dem Land Sachsen-Anhalt im Rahmen der In-
itiative ,Sachsen-Anhalt WISSENSCHAFT Schwerpunkte® gefordert (Férderkennzeichen ZS/2016/04/78123).
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Abstract:

Objective: Robotic cochlear implantation requires visualization and potentially manipulative assistance during the
electrode-array insertion process. This study investigates the feasibility of cochlear implant electrode-array insertion
through three robotically drilled middle ear access tunnels.

Methods: Three tunnels targeting the round window were planned and drilled in four human cadaveric ear specimens
using a surgical robotic system. Two tunnels passed through the facial recess, whereas one tunnel was planned supra-
meatal. The electrode-array was inserted into the cochlea on four heads through the superior facial recess tunnel. En-
doscopic visualization of the insertion process was provided through the inferior facial recess tunnel. Manipulative as-
sistance was provided through the suprameatal tunnel.

Results: All tunnels could successfully be planned and drilled. Successful insertion was achieved in all specimens in
under 15 minutes.

Conclusions: Electrode-array insertion with a multi-port approach is feasible.

Keywords: Cochlear implantation, Robotic surgery, Multi-port surgery
1 Problem Statement

Robotic cochlear implantation includes cochlear access planning, middle ear access drilling, inner ear access milling and
electrode-array insertion. Clinically tested robotic systems so far only provide functionality to plan and create a tunnel
access to the middle ear targeting the cochlea. The subsequent access of the inner ear and electrode-array insertion are of
major importance for atraumatic and hearing preserving cochlear implantation. Visualization and potentially manipula-
tive assistance is required to assure correct electrode-array insertion. The mentioned robotic approaches to cochlear im-
plantation therefore involve a manually created tympanomeatal flap providing access to the middle ear through the ex-
ternal auditory canal. The inner ear access and the insertion procedure are then assisted manually under microscopic vis-
ualization through the external auditory canal [1], [2]. This involves the manipulation of the ear drum and ossicular
chain, therefore additional trauma and potentially related loss of residual hearing. To tackle this challenge, an approach
to electrode-insertion based on multiple tunnels targeting the round window was proposed. The tunnels serve as ports for
the electrode-array, visualization and manipulation. The planning multiple tunnels with adequate safety clearance to crit-
ical structures was found to be feasible also in consideration of anatomical variations [3]. Furthermore, the drilling of
tunnels with the adequate accuracy was shown to be feasible [4]. The feasibility of inserting a cochlear implant elec-
trode-array through a multi-port approach into the cochlea however was never investigated. In this article an ex-vivo
study is presented investigating the feasibility of inserting a cochlear implant electrode-array into the cochlea using three
robotically drilled tunnels: one for the electrode-array, the second for endoscopic visualization of the insertion procedure
and the third for manipulative assistance during the insertion procedure.

2 Material und Methods

The electrode insertion procedure via a multi-port approach was assessed in four human cadaveric ear specimens. First,
a c-shaped retroauricular incision was created and four fiducial screws were inserted. Subsequently, a computed tomog-
raphy (CT) scan was acquired (resolution: 0.15 x 0.15 x 0.2 mm). Three tunnels targeting the round window were
planned for each specimen with a minimum clearance of 0.2 mm to the facial nerve, the chorda tympani, the ossicles,
and the external ear canal (Fig. 1A) using a software dedicated to otologic surgery planning (OTOPLAN™, CAScina-
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tion). Two tunnels through the facial recess were planned (FRins, FRyyp,, inferior and superior as in standard anatomical
position) and the third tunnel was planned suprameatal (SM). Subsequently, the tunnels were drilled (Fig. 1B) using a
surgical robot (HEARO®, CAScination). The bony overhang was milled away robotically through the FR,, tunnel under
endoscopic visualization (diameter: 1 mm, angle: 0 deg, semi-rigid fiber optic, Karl Storz) and permanent monitoring of
the milling forces. The milling of the bony overhang was manually stopped by the surgeon as soon as the milling force
dropped sharply. Subsequently, the endoscopic view was adjusted to obtain a good view on the round window region
and in particular of the round window membrane. The endoscope was fixed with a custom passive endoscope holder to
free the hands for manipulative assistance and handling of the electrode-array. A guide tube was inserted in the FRy,,
tunnel. The guide tube was positioned in contact with the remaining bony overhang to prevent the electrode array from
bearing away into air cells the mastoid or the middle ear cavity. Finally, the electrode-array was guided to the round
window through the guide tube (Fig. 1C). Manipulative assistance was provided through the SM tunnel using a surgical
curved pick. The electrode-array was manually pushed through the guide tube into the cochlea. Finally, the round win-
dow was sealed with fat through the SM tunnel. Time for the insertion was recorded. Recording was started with all in-
strumentation away from the surgical site and stopped when the round window was sealed. The insertion depth was
measured by counting the number of electrodes inserted into the cochlea.

In a second experiment, after the bony overhang milling, each tunnel was analysed concerning the potential for visuali-
zation of and manipulative assistance during the insertion procedure. For this purpose, a set of 13 anatomical landmarks
and regions was defined (round window membrane, round window niche, promontory, oval window, stapes, chorda
tympani, mastoidal segment of facial nerve, sinus tympani, fustis, facial recess, incus, pyramidal eminence, tympanic
segment of the facial nerve). The round window membrane was defined as indispensable for cochlear implantation.
Therefore, each tunnel, was analysed concerning the visibility and reachability of the round window membrane. Fur-
thermore, through each tunnel, the percentage of visible and reachable anatomical structures was assessed.

Fig. 1: Planning, drillings, and insertion procedure: Three tunnels were planned and drilled to the round window (A
& B) with a minimum clearance of 0.2 mm to critical structures of the temporal bone. The electrode-array was guided to
the round window through the FRy,, tunnel using a guide tube. Endoscopic visualization and manipulative assistance
were enabled through the FR;,s and SM tunnel respectively (C).
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3 Results

All three tunnels could successfully be planned and drilled in all four specimens. The minimum planned distance of a
tunnel to a critical anatomical structure was 0.2 mm (FRy,r and FRy, to chorda tympani in one of the four specimens).
The electrode-array could fully be inserted (12/12 electrodes) in all specimens (Fig. 2). The time to insert the four elec-
trode-arrays was 9.7 +/- 2.4 min. The endoscopic video enabled visualization of the round window region during the
whole insertion procedure. Manipulative assistance of the insertion procedure through the SM tunnel was used only in
one specimen.

The round window membrane was visible and reachable through the FR;, and FRy,, tunnel all four specimens. Through
the SM trajectory, the round window membrane was partially visible in two of four specimens and reachable in one of

trode

Fig. 2: Electrode-array insertion: Electrode-array inserted in the cochlea through the round window. Endoscopic visu-
alization and manipulative assistance through the FR,r and SM tunnel respectively.
rw: round window

4 Discussion

This study investigated the feasibility of inserting a cochlear implant electrode-array into the cochlea via a multi-port
approach. Two robotically drilled tunnels joining in the facial recess served as ports for the electrode-array and the en-
doscope. A third robotically drilled tunnel served as port for a surgical instrument.

The electrode-array could be inserted fully in all specimens. The visualization with the endoscope was sufficient. Ideally,
the guide tube restricts the electrode-array to go into the cochlea via the round window without manipulative assistance.
Positioning the guide tube in contact with the promontorial bone and orienting the guide tube allowing to visualize the
insertion procedure is of major importance for a successful insertion procedure. In one specimen, the electrode-array
eluded to the middle ear cavity. Manipulative assistance and twisting of the electrode-array was necessary to finish the
insertion. To preserve residual hearing during the insertion procedure, the jerky movements due to the twisting and ma-
nipulation are inadequate. Furthermore, assistance through the SM tunnel is a coordinative and motoric challenge for the
surgeon due to the proximity of the ossicles to the surgical instrument. Also, the surgical instrument must be blindly
guided through the epitympanum. To tackle these challenges, a transparent guide tube restricting any deviation of the
electrode-array into the middle ear cavity while allowing to visualize the insertion procedure is currently being investi-
gated. Furthermore, a construction in front of the endoscope to assist the insertion procedure allows to provide visualiza-
tion and manipulation through one tunnel and is due to further work. A prerequisite to successful electrode-array inser-
tion via a multi-port approach is robotic or manual bony overhang milling through one of the ports. Straight access to the
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scala tympani is required to insert the electrode into the cochlea without the need for complex manipulation tasks with
the surgical pick.

The anatomical landmarks visible and reachable through the different tunnels indicate the adequateness of a specific
tunnel for a particular surgical application. The FR,, and FR; trajectory both allowed the visualization and the manipu-
lation of the anatomy in the round window region in all specimens and hence are suitable as ports to visualize and assist
the insertion procedure. Depending on the patient’s anatomy, the round window membrane is not visible through the SM
tunnel even after milling of the bony overhang. Hence the tunnel is not adequate for visualization of the insertion proce-
dure since electrode-array insertion into the scala tympani cannot be confirmed. However, the ossicles and the tympanic
part of the facial nerve were visible through the SM tunnel in all four specimens indicating its adequateness for a poten-
tial minimally invasive access to the epitympanum.

5 Summary

This ex-vivo study (n=4) investigated the feasibility of a multi-port approach to insert a cochlear implant electrode-array
into the cochlea. Three robotically drilled tunnels allowed to guide the electrode to the round window, visualizing the
insertion procedure with an endoscope and assisting the procedure with a surgical curved pick. Insertion depth and time
were used to quantify the feasibility of the multi-port approach. Furthermore, each tunnel was investigated concerning
the potential to visualize and manipulate anatomical landmarks within the middle ear. The potential was quantified by
the percentage of visible and reachable anatomical landmarks of a predefined set of anatomical landmarks.

The electrode-array could be fully inserted all specimens in under 15 minutes. While endoscopic visualization through
the FR;,r tunnel enables adequate monitoring of the insertion procedure, manipulative assistance through the SM tunnel
is cumbersome. The FR;,s and FR,, tunnel allowed to reach and visualize the most anatomical landmarks respectively.
Furthermore, both tunnels allowed to visualize and touch the round window membrane.
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Abstract

Mechanistic replications of the human anatomy are an imperative element of preclinical development and
validation of medical devices. Such phantoms provide for reproducible and repetitive test benches to investigate
a given device’s performance parameters. Validation and verification of the elements of the robotic cochlear
implantation approach requires phantoms that appropriately replicate anatomical, electrophysiological and
mechanical properties. So far, different types of phantoms are used to investigate the various elements independent
from each other. Hence, the objective of this work was to develop and validate an integrated phantom capable of
emulating robotic drilling, functional electrical stimulation of the facial nerve, monitoring of the connected
muscles and subsequently cochlear electrode insertion. Additionally, the phantom is integrated in a whole head
replica to provide for a realistic intraoperative setup during testing activities.

Keywords: Technical model, ear anatomy, surgical training, facial nerve monitoring, robotic surgery

1 Problem

Cochlear implantation is an otologic microsurgical procedure for people with profound sensorineural hearing loss
where an electronic device is implanted in the lateral skull base with an electrode array placed in the scala tympani
of the cochlea. We have proposed a robotic treatment model (Robotic Cochlear Implantation) that can eventually
lead to improved consistency of residual hearing preservation and better audiological outcome [1]. The robotic
cochlear implantation model incorporates steps of computer assisted planning, robotic middle ear access (RMA),
robotic inner ear access (RIA) and robotic electrode insertion (REI).

During the procedure, a tunnel is drilled from the mastoid surface through the facial recess towards the round
window and the basal turn of the cochlea, passing through a narrow gap between the facial nerve (FN) and the
chorda tympani (ChT) with submillimeter margin (typically, < 0.5 mm). Insertion is executed through the tunnel
under visual inspection using a microscope.

During robotic passage of the facial nerve and the chorda tympani, nerve monitoring is used as a safety mechanism
to prevent damage. Facial nerve activity is monitored passively throughout the complete procedure and is actively
stimulated when the drill passes. Muscle reaction is assessed and classified through electrodes in the facial muscles
(orbicularis oculi and oris) and classified as safe (> 0.4 mm) or potentially unsafe (< 0.1 mm) [2]. Such stimulation
is executed at 5 positions axially spaced along the facial recess at predefined distances below 1 mm from the facial
nerve center, as projected on the planned drill axis [3].

Validation and verification of the underlying technology utilizes phantoms for accuracy assessment [4], [5], animal
models for investigation of electrophysiological properties [2], [6] and ultimately human specimen for general
feasibility and workflow requirements [7], [8] as well as for cochlear electrode insertion [9]-[11]. Commercially
available temporal bone models exist (e.g. PHACON GmbH, Leipzig, Germany) accurately mimicking anatomy
and provide optical monitoring of the cochlea insertion process through built-in cameras. Resident training is being
enhanced by computer-based surgery simulators, where the whole workflow of temporal bone surgeries can be
executed on virtual 3d models [12], [13]. To date, no setup is available that combines all of the above elements in
one technical replica and allow for holistic, realistic and subsequent testing of all elements of the robotic workflow.

The aim of this work was to create a technical model of human ear anatomy for robotic cochlear implantation
surgery that contains all relevant anatomical structures (mastoid bone, facial nerve, chorda tympani, middle ear
cavity, bony overhang and scala tympani of the cochlea). Furthermore, the model should mimic the similar
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electrical characteristics of the mastoid bone and the embedded nerves and allow for visual observation of the
surgery through conscious choice of material transparency, windows to the anatomy and built-in cameras. Such a
model makes it possible to conduct investigations on the performance of: i) neuromonitoring electrodes at an early
stage of development, ii) detection algorithms of a breakthrough of the round window membrane after milling
away the bony overhang and, iii) electrode array buckling during insertion. In addition to that, demonstrations
could be held for users and other technical personnel to better understand the above mentioned aspects of the
procedure.

2 Material and Methods

An artificial mastoid box was created via additive manufacturing. The mastoid box contains fiducial screws that
are used to register a preoperative surgical plan (computed tomography data) of the patient’s (or phantom’s)
anatomical structures and a predefined RCI trajectory [14] to the physical model (Figure 1). The developed box is
screwed into a holder on a modified whole head replica that includes a small-size camera directed at the cochlea
such that the drilling process, the milling of the bony overhang and the electrode insertion can be observed.

The facial nerve and the chorda tympani are represented as tracks on a printed circuit board (PCB). Various shapes
and distances can be designed to represent patient variability. Fitted into the head interior is a microcontroller that
electronically simulates facial nerve activity and responds to facial nerve stimulation, which is used during robotic
cochlear implantation for facial nerve monitoring [2]. The simulated muscle response is physically transmitted to
connectors on the face of the whole head replica for easy connection of the facial muscle electrodes (Figure 2).

Drilling an access tunnel through the facial recess to the round window of the cochlea requires in some cases
depending on the patient’s anatomy the milling of a bony overhang over the round window ([10], [11]). The
surrounding middle ear cavity, the bony overhang and the scala tympani of the cochlea are 3d-printed in two parts
with a transparent material using micro-computed tomography data of human anatomy. In between the two parts
a latex membrane is fitted to model the round window membrane.
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Figure 1: On the left a schematic of the model-involved anatomy during RCI surgery. On the right a picture and
a 3d surgery plan of the artificial mastoid box that contains the models of the represented anatomical structures.

The usability of this technical model was assessed during an experimental robotic cochlear implant surgery
experiment, which consisted of: i) drilling of the access tunnel, ii) neuromonitoring along the facial recess (near
the facial nerve), iii) milling of the bony overhang, iv) round window membrane perforation and v) manual
electrode array insertion. The model is comprised of the following:

e The Mastoid Bone is created by filling the artificial mastoid box from the bottom with a solidifying
material. For this purpose the top is closed with a lid that can be removed before use. For electrical
stimulation and demonstrations a gelatin, water and salt mixture is chosen because of its similar electrical
properties to human tissue and its transparency [15]. For milling purposes a harder material such as
artificial bone substrate could be used, preferably recreating the cancellous structure as well. For the
purpose of testing the neuromonitoring system the material used as mastoid model needs to have similar
electrical properties as living mastoid bone, which likely is not the case with a simple gelatin-based
model. To identify realistic electrical properties of the gelatin mixture, electrical impedance spectroscopy
(EIS) was conducted and compared to measured electrical properties of mastoid bone from in vivo trials
(sheep model) [16].

e Facial Nerve and Chorda Tympani Model An electronics circuit model of the nerve-to-muscle
interface was developed to emulate electromyogram responses based on stimulating intensity, integrated
via a capacitive facial nerve model. The EMG model is composed of a signal conditioning amplifier, a
microcontroller and a digital to analog converter, which translate electrical impulses from the stimulating
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probe to a predefined (shape) electromyogram (EMG) response. Monophasic impulses (0.2 mA <
intensity < 2 mA, 250 pus) are converted into an idealized compound muscle potential (sinewave period,
50 uV < amplitude < 8 mV, 10 ms). To enable the detection of a stimulation event based on the input
impulse, an integration (or convolution) operation is carried out in the microcontroller. If the integrated
signal is above a predefined minimum threshold (membrane potential, Vi, = 20 mV), an EMG signal
response is generated as a function of the measured input voltage. The intensity-to-EMG function follows
a linear model below a predefined level of saturation (Vs = 2 mV), simulating a scenario where the
electrical field from the stimulation source covers the entire nerve’s cross section, i.e. all nerve bundles
and its internal axons are stimulated. Under this circumstance, the summation of action potentials in the
innervated muscle fibers (EMG signal) stays equal with increasing stimulation intensity. The nerve-to-
muscle model will be calibrated to enable discrimination of safety clearances from the RCI trajectory to
the facial nerve (< 0.1 mm, > 0.4 mm) based on results from in vivo trials [2]. For monopolar stimulation
the stimulating probe tip is the cathode and the far-field reference electrode is used as anode. Bipolar
stimulation can be achieved by placing the anode on the electrode rings on the stimulation probe
(Figure 4).

e Middle Ear Cavity and Bony Overhang Model The middle ear cavity is an air-filled cavity between
the mastoid bone and the inner ear. A bony structure called the bony overhang located in front of the
round window niche partially covers the entrance to the round window. The shape and size of the bony
overhang can vary considerably between different subjects. In most subjects, the bony overhang has to
be removed in order to expose the round window and get full access to the inner ear for a successful
electrode insertion. The goal of robotic inner ear access is to remove the bony overhang while conserving
the round window membrane. This prevents extensive trauma to the inner ear structures and maximizes
residual hearing. In this model, an air filled rectangular cavity with a length of 3.5 mm and a width of
2.5 mm forms the middle ear cavity. The bony overhang is reconstructed from micro-CT data of a human
temporal bone. For the purpose of testing the inner ear access the data set used originates from a subject
with a dominant bony overhang. The anatomical models are created via additive manufacturing (Stratasys
Objet Eden260VS, Ultimaker 3) using materials from Vero product line.

e Inner Ear Model The relevant structure of the inner ear for the purpose of testing tympanic electrode
insertion is the scala tympani, whose shape is reconstructed from micro-CT data. After removal of the
bony overhang and the round window membrane the scala tympani is accessible through the round
window, which varies in shape and size and is seldom round. The round window used in this model is
ovoid and nonplanar with a maximum diameter of 1.4 mm and an area of 1.5 mm?. During the milling
process the inner ear structures are protected from entering particles by the round window membrane,
which in the model is formed by a latex foil with a thickness of 60 um. The membrane separates the
anatomical model of the middle ear and inner ear in two parts.

3 Results

The model for RCI surgery (Figure 2) was manufactured via additive manufacturing and manual handcraft. A
verification drilling in the technical head showed its usability. Despite its elasticity, the gelatin mixture as mastoid
bone could be drilled without the drilling process impacting its overall structure and visibility. However, the forces
during drilling in the direction of the drill axis were below 1 N, where in patients the forces can exceed 8 N.
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Figure 2: The technical model of the human ear anatomy
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Verification of Electrical Characteristics of the Mastoid Bone Model

Electrical impedance spectroscopy was measured 39 times in: a) gelatin and b) saline solution. The same number
of measurements was taken from existing in vivo trial data. Figure 3 shows the mean of the measured EIS data for
each material. The standard deviation of the measurement at each frequency is depicted for each of the curves.
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Figure 3: Electrical impedance spectroscopy of the measured gelatine model as compared to the saline solution
and to bone measurement from existing in vivo trials. The lines show the mean of all 39 measurements in each
material, and the area depicts the standard deviation of the measurements.

Facial nerve-to-muscle Model

The stimulation of the facial nerve-to-muscle model proved successful and a compound muscle action potential
was measured in the connectors modelling the facial muscles. With the monopolar configuration, where the
stimulation return electrode is situated far from the stimulating tip (Figure 4), an EMG response was recorded at a
stimulating intensity of 2 mA, indicating sufficient clearance to the facial nerve. The bipolar configuration B3
generated a similar response to the monopolar, whereas B1 and B2 failed to produce a response, suggesting similar
functional electrical field pattern of the configuration B3 and the monopolar.

Figure 4: On the left the stimulating electrodes of the probe depicting each of the four cathode-to-anode
combinations (B, ..3) and monopolar configuration. In the middle a picture from the built-in camera taken during
facial nerve stimulation. On the right the simulated compound muscle response can be seen that was generated

by the facial nerve-to-muscle model electronics at the detection of stimulation.

Inner Ear Access and Insertion

The bony overhang was milled away robotically with a 1 mm diameter diamond-coated milling bit. Guided by an
insertion tube, full electrode array insertion could be performed in comparable time to surgery on real patients
(< 5 min). From the built-in camera images the middle and inner ear structures could be visualized during inner
ear access and electrode insertion (Figure 5).
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Figure 5: A picture from the built-in camera taken after the electrode array insertion. Parts of the perforated
round window membrane (latex in this model) can be seen in the scala tympani, which should be avoided for
minimal trauma.

4 Discussion

In this work, a technical replica of the human head comprising a mastoid bone region and inner ear anatomy
containing all the relevant structures for a robotic cochlear implantation surgery has been developed. The model
allows the drilling of an access tunnel to the round window of the cochlea. Facial nerve monitoring can be used
during the drilling as the facial nerve is physically and electrically emulated using built-in specifically designed
electronics. A small-size camera and material transparency allow for observation of the robotic surgery.

The mastoid model can be created with a solidifying material. For transparent material properties a gelatin mixture
was chosen to enable direct inspection, which is of value for further development and validation of stimulating
electrodes and neuromonitoring protocols, while being suitable for demonstrations and training. The gelatin model
enables forces acting on the drill bit along the tunnel trajectory of below 1 N, which is an order of magnitude lower
than forces in human mastoid. Furthermore, the electrical properties of the gelatin mixture are closer to saline
solution than to living bone. While the current state enables initial tests for assessment of neuromonitoring
protocols during RCI, the properties of the gelatin-bone model should become closer to the anisotropic
morphology and properties of the mastoid bone. In the future reinforced gelatin models with additive manufactured
support scaffolds could increase the hardness while preserving electrically representative conductivity properties.

Visualization of the presented RCI phantom could be improved by installing a second camera showing the passage
of the drill bit between the facial nerve and chorda tympani, which would allow for observation of the stimulation
probe during facial nerve monitoring.

In the presented model a computed tomography scan is required to provide a surgical plan with the location of the
relevant anatomical structures. This step, although representative of the RCI approach, may not be necessary in
the future, which could minimize preparation time and effort. The artificial mastoid box could be milled with a
computer numerical control (CNC) machine with sufficient accuracy out of an adequately radiolucent material
(e.g. PEEK).

The facial nerve and the chorda tympani are reproduced as tracks on a PCB with size and shape similar to real
anatomy, even though they are contained within the PCB plane. The facial nerve model capacitance is designed to
be in the same range as the capacitance of human myelinated nerves. The response of the electronics circuit model
of the nerve-to-muscle interface to stimulation was functioning in monopolar and all bipolar (B, 3) configurations.
Stimulation level detection and corresponding response amplitude will be calibrated based on results from in-vivo
studies.

The air-filled middle ear cavity was recreated with a bony overhang via additive manufacturing. This allows for
the fabrication of various shapes and sizes of bony overhangs, which can be used for training of bony overhang
removal without inflicting damage to the round window membrane for minimal trauma. The material used in
additive manufacturing will have to be validated in the future to represent bony overhang hardness accurately.

The scala tympani is represented in transparent material recreated from human micro-computed tomography data.
Same as with the bony overhang, this enables surgeons and engineers to train insertion with various shapes and
locations of the round window, as well as different insertion angles. Representative electrode insertion forces can
be achieved by modifying printed model wall roughness and potentially by filling the scala tympani with a
lubricating liquid. Visualization of the middle ear cavity and the scala tympani was successful with the embedded
camera, but could benefit in clarity and details from integrated light sources.
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5 Conclusion

The developed model provides an initial test bench of the lateral skull base specifically for robotic cochlear
implantation. It contains electrically functioning models of the mastoid bone and the facial nerve-to-muscle
interface and physical models of the chorda tympani, the middle ear cavity, the bony overhang over the round
window and the scala tympani. Further development of electrical, mechanical and anatomical properties are
currently under investigation to provide a closer representation of a human mastoid and inner ear.
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Abstract
Objective: To demonstrate the feasibility of robotic cochlear implant surgery in phantoms by anatomical study
and drilling experimentation, followed by electrode insertion, drilling-accuracy study and patient positioning

study.

Study design: Pilot study.

Materials and Methods: Computed tomographic preoperative encrypted data of twelve pediatric patients (total
of 24 sides) between eight months and six years of age, who underwent cochlear implant surgery were studied,
eight were used to create modified 3D printed replicas of the mastoid region and three other full skull replicas

were used for accuracy and patient positioning evaluation. A robotic mastoidectomy was carried out.

Results: From the original 24 cases, on 17 planning a safe trajectory to the cochlea was possible. Drilling was
successfully performed on 8 cases and insertion on 2. On 7 cases (29.1%) planning the trajectory was not

possible, on 4 that was due to image quality and on 3 due to the small size of the facial recess.

Conclusion: To validate the proposed procedure in pediatric population in a more realistic clinical setting,
optimization of the current surgical workflow, further investigations about cochlear angle behavior, mastoid
development and response to trauma relative to electrode positioning and electrode insertion, will be accessed in

future studies.

With this work we have demonstrated the feasibility to perform a robotic middle ear access in phantom models
of pediatric cases. More data needs to be derived to address relevant aspects including bone growth after surgery

and effects on electrode array position and migration.
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Abstract

Due to their high dexterity and good miniturizability, concentric tube continuum robots are well suited for
minimally invasive surgeries. In such scenarios, the manipulator is often directly teleoperated by a surgeon,
while the feedback is limited to a camera feed from an endoscope which is guided to follow the robot’s mo-
vements. To further assist the operating surgeon, additional feedback for the teleoperation in medical scenarios
is investigated.

This work focuses on the comparison of haptic and auditory feedback, generated using the method of
virtual fixtures, for the teleoperation of concentric tube continuum robots. For evaluation, a user study using
a simulated medical application is conducted. Results show an increase in satisfaction and usability scores, as
well as a decrease in task load and execution time when applying haptic feedback. The use of auditory feedback
does not show quantitative benefits and received diverse ratings from the participants.

1 Problem

Continuum robots are a growing research area in the context of medical robotics. Many different designs exist
for continuum robots. One widely investigated design is the concentric tube continuum robot (CTCR) [1].
This manipulator consists of precurved Nitinol tubes that are nested inside each other. The independent axial
translation and rotation of each tube constitutes the actuation of the CTCR. Compared to conventional robots
with rigid links and discrete joints, this robot is composed of a compliant backbone and offers a high dexterity
at the end-effector. Due to the jointless structure and extrinsic actuation, CTCR are miniturizable down to a
millimeter in diameter. Furthermore, with their ability to follow curvilinear paths and to navigate in confined
spaces, CTCR are well suited for applications in the context of minimally invasive surgery [2].

During such a surgery, a manipulator can either be automatically controlled or directly teleoperated by a
surgeon. When controlled by a surgeon, an input device that is physically decoupled from the robot manipulator
is used to manipulate the end-effector. Thus, the feedback received by the teleoperating user is often limited to
a camera feed of an endoscope that is guided along the manipulator’s end-effector. This visual feedback is often
not sufficient to accurately steer the robot and avoid collision with the sensitive patient anatomy. To further
assist the surgeon during robot teleoperation, various feedback methods for medical and continuum robots
have been proposed. For instance, virtual fixtures in the form of haptic feedback were applied to teleoperated
CTCR navigation scenarios in [3]. A similar approach was implemented in [4] and evaluated the benefit of
haptic feedback in a user study of a simulated medical application. Furthermore, auditory feedback, or so-
called auditory displays, have been investigated in the context of surgeries and medical robotics to increase
the surgeon’s awareness of surrounding structures or path deviations. Such methods have been evaluated for
different medical applications [5, 6, 7]. Results have shown that the accuracy could be improved while the
cognitive work load could be lowered when using auditory displays as an additional feedback. A review of
auditory displays in image-guided interventions can be found in [8]. So far, the mentioned feedback methods in
the context of robot teleoperation have only been compared to visual feedback. Hence, the comparison between
the different feedback methods themselves is still an open question which is tackled throughout this work.

We compare different types of feedback generated based on the approach of virtual fixtures. We consider
haptic and auditory feedback in comparison with visual feedback only. The evaluation consists of a user
study that involves the teleroperation of a CTCR within a simulated medical application. Thus, the main
contribution of this paper lies within the outright comparison of haptic and auditory feedback in the context
of CTCR teleoperation.

2 Material and Methods

In this section, we describe the different components of the implemented system. This includes a CTCR in a
simulation environment that allows teleoperation within a medical application where CTCR can be suitable
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candidates. Furthermore, the generation of the additional haptic as well as auditory feedback on the basis of
virtual fixtures is explained. Finally, the user study to evaluate the different feedback methods is described.

2.1 Concentric Tube Continuum Robot and Teleoperation Algorithm

A CTCR offers two degrees of freedom at its end-effector per tube (translation and rotation). Thus, three tubes
are needed to freely translate and rotate the manipulator in every direction. We define the configuration of a
three-tube CTCR as q = [y, ag, a3, 1, B2, B3]T, where a; is the rotation and §; the translation of each tube
j € {1,2,3}. In this work, the kinematics of the CTCR, describing the mapping between robot actuation q and
end-effector pose & ohot are calculated based on the Cosserat rod theory [9].

To teleoperate the manipulator (process shown in Fig. 1), the desired end-effector velocity 4.5 is calculated
from the deviation € between the current input device position x4.s and end-effector position xges using a
proportional gain A. Afterwards, the damped-least squares inverse of the manipulator Jacobian matrix J7 is
used to calculate the needed joint velocities ¢ [10]. The absolute desired joint values g are obtained by integration
and applied to the robot. Finally, the estimated end-effector position is updated using the kinematic model.

Lrobot
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Figure 1: Overview of the teleoperation process to manipulate the CTCR end-effector using an input device.

The input device used in this work (Geomagic Touch, 3D Systems, Rock Hill, South Carolina, United States)
is an impedance-controlled input device that allows manipulation of 6 degrees of freedom using a hand-held
pen stylus. The current position of the pen tip is calculated using the device’s geometry. Due to the different
workspaces of the input device and of the robot, a so-called ‘clutch-in’ mechanism is applied by pressing a button
on the stylus to move the end effector of the robot. By releasing this button, the stylus can be repositioned
without end-effector movement. Furthermore, the used input device allows applying force feedback in the three
translational degrees of freedom.

2.2 Simulation Environment

The implemented simulations environment allows the teleoperation of a CTCR in the context of different medical
applications. Different anatomical data sets can be imported to serve as the work space for the manipulator.
The imported data is then stored in kd-trees, which are space-partitioning data structures. These trees are used
to query range and nearest-neighbor searches. This allows us to perform distance checks between the robot’s
end-effector as well as its backbone and the constraining patient anatomy online.

In addition, different navigation paths can be imported to conduct teleoperated navigation tasks. The simu-
lation environment is then augmented with a visualization of the chosen path. Furthermore, different camera
views are implemented for the teleoperating user. A first camera gives a brief overview of the scenery including
the planned insertion path, while a second camera view simulated the camera feed of an endoscope guided along
the CTCR end-effector (see Fig. 2, left). The simulation environment is perceived by the teleoperating user
using a stereoscopic 3D monitor to enable depth perception.

2.3 Feedback Generation Based on Virtual Fixtures

The term virtual fixtures (VF) in the context of teleoperated robots was first introduced by [11]. In general,
the method of virtual fixtures is divided into two categories: forbidden region (FR) and guidance (G). The
method of forbidden region should prevent the penetration of a manipulator into specific regions, whereas the
guidance method assists the teleoperating user to follow a predefined path. In this work, a suggested motion
direction for the manipulator’s end-effector is calculated utilizing both virtual fixtures methods, whether to
avoid collisions with a forbidden region, or to follow a specific trajectory. The suggested motion direction is
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Figure 2: Left: Visualization of the simulation environment with two camera views; Right: Workflow of the
feedback generation: (I) The suggested motion directions according to the guidance and forbidden region
methods are calculated; (II) The vectors are combined to result in a total suggested motion direction for the
methods of virtual fixtures; (III) The resulting vector is mapped to the haptic and auditory feedback methods.

calculated according to [4], which is briefly described in the following. Fig. 2 (right) shows an overview of the
feedback generation based on virtual fixtures.

For the forbidden region method, a radius search around the robot’s end-effector is performed in the work
space to find n nearby data points of possible obstacles. A vector r; pointing from a data point p; to the
robot’s end-effector is calculated for each point with ¢ € {0,...,n}. Afterwards, all vectors are weighted by the
distance of corresponding data point to the end-effector, and a combined direction vector rgr is determined.
This resulting vector rggr is then considered as the suggested motion direction of the end-effector to increase
the distance between robot manipulator and obstacles in the work space.

For the guidance method, predefined paths consisting of multiple waypoints, which should be passed succes-
sively, and a linear interpolation between them are considered. These paths can be obtained by discretizing
the planned insertion path. During the navigation of the manipulator, the vector between the next waypoint
and the robot’s end-effector 7y, as well as the vector between the closest point on the current linear path
segment and the robot’s end-effector r,,¢n are calculated. Depending on the distance between the manipulator
and the path to be followed, both vectors are weighted and combined into a resulting vector rg. Eventually,
both suggested motion directions rgr and rg are averaged in a final virtual fixtures vector ryg. Note that the
vector ryp is defined in the robot’s end-effector frame, which is the same reference frame for the teleoperation
process.

Using this suggested motion direction ryg, feedback is generated to help the teleoperating user navigating
the robot, either in the form of haptic feedback on the input device or an auditory feedback using headphones.
For the generation of the haptic feedback, we use the suggested motion direction rvg and scale it to receive force
vectors in the range of 0 to 1 N. Then, we directly apply every dimension of the vector to the translational degrees
of freedom of the input device. For the auditory feedback, an auditory display is implemented that uses a set of
recorded samples of vocal singing. The suggested motion direction ryp is then mapped on this ‘vocal syllable
choir’. The y-component of ryg is mapped to the pitch, syllable type and gender of the sung syllables. The
used syllables included [o:] to indicate that the end-effector is above the suggested motion direction (German:
oben), [w:] to indicate that the end-effector is below the suggested motion direction (German: unten) and a
hummed [m] to indicate that the elevation of the end-effector does not need to be adjusted. The z-component
of ryr is mapped similar, using a stereo auditory signal. If the sound is heard on the left channel, the robot
end-effector is too far left compared to the suggested motion direction. The same is true for the right channel,
respectively. If the azimuth of the manipulator does not need to be adjusted, the signal will be heard on both
channels. Finally, the z-component of 7y is mapped to the amount of reverberation and inter-onset between
the syllables. In addition to the mapping of rvp, the auditory display also provides a notification sound when
a waypoint has been reached by the CTCR end-effector.

2.4 User Study

To evaluate the effectiveness of the different feedback methods, a user study is conducted in a laboratory
environment. In total, 13 participants are recruited. During the user study, the participants teleoperate a
simulated CTCR within the simulation environment outlined in Sec. 2.2.

The participants are confronted with a navigation task in the context of minimal invasive surgery. As a
medical application, the choroid plexus cauterization to treat hydrocephalus is chosen. The choroid plexus
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produces watery cerebrospinal fluid in the ventricles of the brain. If a patient suffers from hydrocephalus, more
cerebrospinal fluid is produced than absorbed, which leads to high intracranial pressures and compression of
brain tissue. This can result in neurologic dysfunction and even death [12]. In [12], the insertion of CTCR into
the brain ventricles was proposed to cauterize the choroid plexus to reduce the cerebrospinal fluid production
as a treatment for hydrocephalus. The main advantage of using a CTCR in this application, compared to
conventional endoscopes, is its ability to also follow the original insertion path, when retracting it. For the
conducted user study, we choose a navigation task within a simulated model of the brain ventricles along
insertion paths that lead to the proposed cauterization sites. The model is obtained from the ‘National Institutes
of Health Print Exchange’ website [16]. This specific neurosurgical intervention serves as an example application
for the use of CTCR manipulation in anatomical cavities like the lateral ventricles. Furthermore, it is perceivable
for the participants without detailed explanations and allows them to focus on the navigation task.

First, each participant performs a training period to become accustomed to the robot teleoperation and
the different feedback methods. Afterwards, the proposed navigation task is executed four times by every
participant: Without any additional feedback (NF), with auditory feedback (AF), with haptic feedback (HF)
and with a combination of haptic and auditory feedback (HAF). Note that visual feedback is present for every
task execution and feedback modality. To counter learning effects, we use a within-subjects study design with
an alternating order of task executions using the latin square method [13]. Furthermore, two different insertion
paths were used during the study. For the first and third task execution, the first path is chosen, while for the
second and fourth task execution, the second path is used.

In order to quantify the effectiveness of the different feedback methods, we record the task completion times
and the average path deviations. In addition, after every finished task, each participant is asked to complete
a questionnaire. The questionnaire contains questions to measure the satisfaction and usability according
to the van der Laan’s system acceptance scale [14], as well as the task load according to the NASA-TLX
multidimensional assessment tool [15]. Furthermore, we ask five custom questions regarding the user’s confidence
during the task, the ease of use, their satisfaction with the time they needed, as well as the helpfulness and
intuitiveness of the generated feedback. Finally, the participants rank the feedback methods.

3 Results

The quantitative results from the conducted user study are depicted in Fig. 3 (left and middle). It can be seen
that the execution time is considerably lower with the use of haptic feedback and the combination of haptic and
auditory feedback. When using auditory feedback only, the execution time stays in the same range compared
to no feedback usage. The average path deviations did not alter using different feedback methods and mainly
lie between 1 and 2 mm.

Fig. 3 (right) shows the results from the ranking of the feedback methods. The users rated the feedback
methods from ‘most favorite’ to ‘least favorite’ which results in a score of 3 to 0 points for every method. It
can be seen that on average, the users preferred the haptic feedback method closely followed by the combined
feedback. On average, the participants liked the navigation without any feedback the least.
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Figure 3: Box plots for execution times (left), average path deviations (middle), and average points from ranking
(right) using different feedback methods.

The determined satisfaction, usability, and task load scores using the questionnaires are plotted in Fig. 4.
Compared to the usage of no feedback, the usability is considerably higher when the participants were supported
by additional haptic feedback. While the usability does not benefit from the usage of auditory feedback alone,
the combined auditory and haptic feedback shows an improvement in the usability of the system. Similar
results can be shown for the satisfaction of the generated feedback. The task load remains nearly the same for
all feedback methods with a marginal better result for haptic feedback and the combined feedback.
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Figure 4: Box plots for the usability score (left), the satisfaction score (middle), and the task load score (right)
of the system using different feedback methods.

Finally, the evaluation of the custom questions shows that the participants were more confident in the task
execution and more satisfied with the time they needed when haptic feedback and the combined feedback was
used (see Fig. 5). In addition, the haptic and combined feedback could improve the ease of use of the system and
was described as helpful and intuitive. The results regarding the auditory feedback only show high variations
between the participants. Some stated that the auditory feedback was very helpful while others did not find it
useful at all. The same conclusion is valid for the satisfaction regarding the needed time. Other than that, the
results of auditory feedback are comparable to the teleoperation without any feedback.
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Figure 5: Box plots for the score of the custom questions using different feedback methods.

4 Discussion

On the one hand, the results presented in the previous section show a clear improvement in both usability,
satisfaction, and task load of the teleoperation system, as well as in the execution time of the task when haptic
feedback or a combination of haptic and auditory feedback is applied. Thus, we can confirm the results presented
in [4], where the use of haptic feedback in the context of CTCR teleoperation was investigated as well. On the
other hand, the auditory feedback alone does not show a clear benefit in quantitative and qualitative results
but received polarizing evaluations, which can be especially seen in Fig. 5. Some of the users stated that the
auditory feedback was helpful during the teleoperation and did improve their confidence regarding the task
completion and the needed time, while others did not share this opinion. Compared to the haptic feedback,
which addresses our sense of touch and directly leads to a change in input device motion, the audio feedback
must be first interpreted by the teleoperating user. We believe a longer training phase could improve the
helpfulness and satisfaction regarding the auditory feedback as the teleoperating user could become accustomed
to it. Furthermore, we think that the strengths of auditory feedback might not have been fully utilized yet and
other medical applications could benefit from the usage of auditory feedback, e.g., where complex anatomies
obstruct the field of view. We would also like to stress that a user study with physicians could lead to different
results as most of the recruited participants in this work were engineering students. Finally, we could envision
to implement the auditory display as an addition to the haptic feedback instead of a possible replacement.
Thus, the auditory feedback could be used to inform the teleoperating user about certain circumstances during
a medical application. As our results indicate, haptic feedback is effective to support the user in navigation
intuitively, such that this task alone does not necessarily require further feedback. The strong potential for
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auditory signals is to inform the user about irregular events such as workspace limitations or sudden interactions
with sensitive anatomy. In these cases, the auditory signal would not need to be permanently enabled, which
could lead to a lower cognitive load for the teleoperating user.

5 Conclusion

In this work, the application of haptic as well as auditory feedback methods in the context of CTCR teleoperation
is investigated. The conducted user study reveals that the satisfaction and usability of the teleoperation improves
when haptic feedback and a combination of haptic and auditory feedback is applied. Furthermore, the task
load for these feedback methods can be decreased and the given task can be executed faster on average. The
auditory feedback does not show quantitative benefits and got diverse ratings in the questionnaires. We believe,
that the full potential of the auditory feedback has not yet been utilized and its use might be beneficial in
other scenarios, especially in situations where visual occlusion is present. In future work, we plan to investigate
different application areas for auditory feedback in the context of CTCR manipulation and conduct a user study
with physicians.
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Abstract

Die Segmentierung und das Tracking von minimal-invasiven robotergefiihrten Instrumenten ist ein wesentlicher
Bestandteil fiir verschiedene computer-assistierte Eingriffe. Allerdings treten in der minimal-invasiven Chirurgie,
die das Anwendungsfeld fiir den hier beschriebenen Ansatz darstellt, hdufig Schwierigkeiten durch Reflexionen,
Schatten oder visuelle Verdeckungen durch Rauch und Organe auf und erschweren die Segmentierung und das
Tracking der Instrumente.

Dieser Beitrag stellt einen Deep Learning Ansatz fiir ein markerloses Tracking von minimal-invasiven
Instrumenten vor und wird sowohl auf simulierten als auch realen Daten getestet. Es wird ein simulierter als auch
realer Datensatz mit Ground Truth Kennzeichnung fiir die bindre Segmentierung von Instrument und Hintergrund
erstellt. Fiir den simulierten Datensatz werden Bilder aus einem simulierten Instrument und realem Hintergrund
zusammengesetzt. Im Falle des realen Datensatzes spricht man von der Zusammensetzung der Bilder aus einem
realen Instrument und Hintergrund. Insgesamt wird auf den simulierten Daten eine Pixelgenauigkeit von 94.70
Prozent und auf den realen Daten eine Pixelgenauigkeit von 87.30 Prozent erreicht.

Keywords: minimally invasive, segmentation, tracking, neural network

1 Problemstellung

Im Gegensatz zur traditionellen offenen Chirurgie, bei der der Chirurg meist ein gutes Sichtfeld des zu
operierenden Gebietes und haptisches Feedback durch die direkte Ubertragung der Bewegung des Instruments auf
den Patienten hat, treten bei der minimal-invasiven Chirurgie einige Nachteile auf. In den meisten Fillen verfiigt
der Chirurg iiber ein eingeschrinktes Sichtfeld, das zusétzlich von der Qualitit und der Fithrung der Kamera
abhéngig ist. Werden robotische Assistenzsysteme genutzt, erfolgt keine direkte Kraftiibertragung der Instrumente
auf den Patienten, sondern eine Kraftiibertragung durch eine manipulative Einheit. Dies hat zur Folge, dass der
Arzt kein haptisches Feedback mit der Bewegung der Instrumente erhédlt und Schwierigkeiten fiir das
Kontextbewusstsein auftreten. [1,2,3,4,5]

Um dem Chirurgen Assistenzfunktionen, welche die genannten Limitationen abmildern kdnnen, anbieten zu
konnen, ist es hdufig erforderlich die genaue Position und raumliche Relation der OP-Instrumente zu erfassen.
Weiterhin kann das Bild mit pré- oder intraoperativen Bildern aus bildgebenden Verfahren iiberlagert werden und
dem Chirurgen zusétzliche Informationen bereitstellen, die sein Kontextbewusstsein erweitern. Folgend ist eine
komplette Situationserkennung und darauf aufbauende Assistenzfunktionen moglich. Die markerlose Eigenschaft
ist deshalb so wichtig, da eine Anbringung von komplexen Markern auf dem kleinen Raum der Instrumente nur
schwer moglich ist. Weiterhin ist der Sterilisationsprozess kein Problem, da das Produkt nicht gedndert wird und
die Biokompatibilitdt weiterhin gegeben ist. Dariiber hinaus wird bei einem markerlosen Ansatz der Arbeitsablauf
des Chirurgen nicht gestort. [1,2,3,4,5]

Eine Losung zur markerlosen Segmentierung liegt in der semantischen Segmentierung. In aktuellen Ansétzen wird
die semantische Segmentierung von modernen Deep Learning Architekturen geldst. Der Ursprung der
Segmentierung liegt in der Klassifizierung, die daraus besteht, eine Vorhersage fiir das komplette Bild zu treffen.
Die Objektlokalisierung ist der néchste Schritt in der Schlussfolgerung, bei dem nicht nur die Klassen, sondern
zusétzliche Informationen beziiglich der raumlichen Lage der Klassen erschlossen werden. Bei der semantischen
Segmentierung wird ein Schritt weitergegangen und es werden dichte Vorhersagen, bei der jedem Pixel ein Label
mit der Klasse des beinhaltenden Objektes zugewiesen wird, getroffen. [6]
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2 Material und Methoden

Um einen mdglichst vielseitigen und groBen Datensatz automatisch zu erzeugen, wird zunéchst die Moglichkeit
der Simulation gewdhlt. Da die Visualisierungssoftware MediView bereits ein System zur Visualisierung der
MiroSurge Plattform des am DLR entwickelten Operationsroboters ist, wird diese gewdhlt, um einen Datensatz
zu erzeugen. Fiir die automatische Erzeugung der Ground Truth Daten werden verschiedene
Bildverarbeitungstechniken aus der Standardbibliothek Open Source Computer Vision Library (OpenCV)
verwendet, um das Instrument mit einem Hintergrund aus einem offentlichen Datensatz zusammenzusetzen.
Zusitzlich wird mit OpenCV eine Ground Truth Kennzeichnung fiir die bindre Segmentierung von Instrument und
Hintergrund erstellt. Im fortlaufenden Text wird diese Kennzeichnung als segmentierte Maske bezeichnet. Neben
einem simulierten Datensatz eines robotischen Instruments wird ein weiterer realer Datensatz des robotischen
Instruments in einem Phantomumfeld erzeugt. Fiir die Umsetzung eines Deep Learning Ansatzes wird ein
passendes Netzwerk fiir Segmentierungsaufgaben gewihlt und in TensorFlow [7] implementiert. Fiir das Training
des Netzwerkes werden filir verschiedene Experimente unterschiedliche Parameter gewidhlt. Dabei werden
Experimente sowohl mit simulierten Daten als auch Echtdaten durchgefiihrt, um diese miteinander vergleichen zu
konnen. Zusétzlich dienen die Experimente mit simulierten Daten dazu, um zu tiberpriifen ob der Deep Learning
Ansatz fiir die Losung des Problems zur semantischen Segmentierung herangezogen werden kann.

2.1 Erzeugung eines Datensatzes

Fiir die Erzeugung eines simulierten Datensatzes miissen verschiedene Schritte realisiert werden:

e  Erstellung der segmentierten Maske als Ground Truth
e Zusammensetzung Instrument mit beliebigem Hintergrund
e Data Augmentation des zusammengesetzten Bildes

Dabei werden fiir die Erzeugung eines simulierten Datensatzes moglichst viele unterschiedliche Konfigurationen
der Gelenkwinkel der Instrumente vor einem griinen Hintergrund und der Kameraposition unterschiedliche Werte
iibergeben. Die Ground Truth Daten werden dem Neuronalen Netz als Vorhersage, die gelernt werden soll,
gegeben. Insgesamt umfasst der simulierte Datensatz ungefahr 2300 Bilder. Sowohl fiir die Erstellung der
segmentierten Maske als auch die Zusammensetzung des Instruments mit einem beliebigen Hintergrund werden
verschiedene Algorithmen aus OpenCV verwendet. Die Bandbreite der Algorithmen reicht dabei von
Skalierungsalgorithmen, Filtern bis hin zu Algorithmen, die zur Extrahierung einer Farbe dienen. Als segmentierte
Maske versteht man die bindre Zuordnung der Farbe Schwarz RGBschwar, = (255; 255; 255) fiir den Hintergrund
und die Farbe WeiB RGBweis = (0; 0; 0) fiir das Instrument. Dies kann durch die Extrahierung eines
Schwellenwertes fiir die griine Farbe des Hintergrundes erfolgen. Bei der Erzeugung eines realen Datensatzes, bei
dem die realen Instrumente vor einem griinen Hintergrund bewegt werden, muss der untere und oberer
Schwellenwert fiir die Extrahierung entsprechend angepasst werden. Der Datensatz mit realem Instrument umfasst
2200 Bilder.

; = o
Abbildung 1: Beispiel aus dem simulierten Datensatz, von links nach rechts: segmentierte Maske,
Zusammensetzung Instrument mit Hintergrund und Data Augmentation

P
Abbildung 2: Beispiel aus dem realen Datensatz, von links nach rechts: segmentierte Maske,
Zusammensetzung Instrument mit Hintergrund und Data Augmentation
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Fiir die Zusammensetzung des Instrumentes mit einem beliebigen Bild werden Datensétze des Imperial London
College [8] herangezogen. Um einen groferen Datensatz mit leicht verdnderten Bildern zu erzeugen, wird eine
Data Augmentation auf das zusammengesetzte Bild angewandt. Dies ist ndtig, da Deep Learning Netzwerke eine
grofle Menge an Trainingsdaten bendtigen, um eine gute Leistung zu erbringen. Zusétzlich fithrt die Data
Augmentation dazu, dass die Kostenfunktion schneller minimiert wird und ein Overfitting des Netzwerkes durch
das Handeln als Regularizer verhindert werden kann. Typischerweise besteht die Data Augmentation aus dem
Einsetzen eciner Menge an Transformationen wie Translation, Rotation, Verzerrung, Skalierung oder
Farbverschiebungen [6]. Zusitzlich besteht die Moglichkeit verschiedene Transformationen zu kombinieren.
Techniken, die von der imgaug-Python Bibliothek [9] eingesetzt werden sind unter anderen: GaussianBlur, Add
(per channel), Multiply, ContrastNormalization (per channel), CoarsePepper, CoarseSalt, EdgeDetect,
CoarseDropout oder Elastic Transformation.

Abbildung 1 und Abbildung 2 zeigen jeweils ein Beispiel aus dem simulierten und realen Datensatz.

2.2 Anwendung eines Neuronales Netzes

Fiir die Implementierung eines Netzwerkes wird die Architektur des U-Net, einem Convolutional Neural Network
fiir die Segmentierung von biomedizinischen Bildern, gewéhlt. Fiir das Training des Neuronalen Netzes wird eine
Kostenfunktion definiert, die minimiert wird, um das Trainingsergebnis zu optimieren. Aulerdem wird der
Datensatz in Trainings- und Testbilder aufgeteilt, die schubweise (batch) verarbeitet werden. Da bei
biomedizinischen Anwendungen eine grole Anzahl an Trainingsbildern auller Reichweite liegt, kann mit der
Architektur des U-Net und einer starken Data Augmentation auch mit sehr wenigen Trainingsbildern eine genaue
Segmentierung erreicht werden. Es wird die Architektur eines Fully Convolutional Neural Network weiter
ausgebaut. Der Grundgedanke der Architektur ist, dass der komprimierende Zweig, der den Kontext erfasst, von
fortlaufenden Schichten ergénzt wird, bei denen pooling Operationen mit upsampling Operationen sich
abwechseln. Somit basiert die Architektur des U-Net auf einem komprimierenden Zweig, der den Kontext erfasst
und einem symmetrisch expandierenden Zweig, der die prézise Lokalisierung ermdglicht. Daher stellt die
Architektur eine U-Form dar. [10]
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Abbildung 3: Architektur des benutzten Neuronalen Netzes mit Parametrierung der jeweiligen Operationen.

In Abbildung 3 ist die implementierte Architektur des U-Net abgebildet. Das Netzwerk startet mit einem
Eingabebild der Auflosung 240x320 Pixel. Jeder senkrechte Strich in der Abbildung entspricht einer
Merkmalsabbildung. Die Aufldsung der Merkmalsabbildung steht links unten und die Anzahl der Merkmale steht
rechts oben. In den meisten Féllen wird eine 3x3 convolution mit einer unterschiedlichen Anzahl an Merkmalen
angewandt. Da das Netzwerk nur same convolutions mit zero padding benutzt, enthdlt die Segmentierungsausgabe
nur Pixel, fiir die der volle Kontext im Eingabebild verfligbar ist. Dies erlaubt eine nahtlose Segmentierung von
beliebig groflen Eingabebildern und gewéhrleistet, dass die Ausgabe der segmentierten Maske dieselbe Auflosung
wie das Eingabebild besitzt. Jeder convolution folgt ein batch normalization Schritt, eine ReLU (Recitified Linear
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Unit) Aktivierungsfunktion und eine max pooling Operation in der Nachbarschaft von 2 Pixeln. Bei jedem
downsampling Schritt wird die Anzahl der Merkmale verdoppelt. Dies flihrt dazu, dass das Eingabebild bis auf
eine Auflésung von 15x20 Pixeln mit 128 Merkmalen reduziert wird. Fiir die Segmentierungsaufgabe folgt nun
der expandierende Zweig. Jeder Schritt in dem expandierenden Zweig besteht aus einer 2x2 up-convolution und
einer Verkettung mit der korrespondierenden zugeschnittenen Merkmalsabbildung des komprimierenden Pfades.
Danach folgen jeweils zwei 3x3 convolutions mit einer batch normalization und einer ReLU Aktivierungsfunktion.
Somit wird am Ende des upsamplings eine Merkmalsabbildung von 240x320x8 erreicht. Die finale Schicht wird
mit einer 1x1 convolution abgeschlossen, bei dem jeder 8-Einheiten Merkmalsvektor auf die gewiinschte Anzahl
an Klassen, in diesem Fall 2 Klassen, eine fiir das Instrument selber und eine fiir den Hintergrund, abgebildet wird.

Fiir das Training des Neuronalen Netzes wird fiir die pixelweise Segmentierung die softmax cross-entropy
Kostenfunktion gewihlt. Als Optimierungsalgorithmus wird der Adam Algorithmus, der eine individuelle learning
rate benutzt, um die Gewichte zu aktualisieren, gewéhlt. Da das Training in einer Schleife durchlaufen wird, muss
TensorFlow mitgeteilt werden, wie viele Iterationen durchlaufen werden. Als batch bezeichnet man die Anzahl
der Trainingsbeispiele, die dem Neuronalen Netz in einem Trainingsdurchlauf zugefiihrt werden. Daher muss vor
dem Training des Neuronalen Netzwerkes die learning rate, batch GroBle und Anzahl der Iterationen festgelegt
werden.

2.3 Experimente

Insgesamt werden drei verschiedene Modelle trainiert. Im ersten Modell Modell Sim werden ausschlieSlich
simulierte Daten (Trainingsdatensatz 2257 Bilder, Testdatensatz 103 Bilder) fiir das Training verwendet, im
zweiten Modell Modell Mix werden simulierte und reale Daten (Trainingsdatensatz 4538 Bilder, Testdatensatz
243 Bilder) herangezogen und im dritten Modell Modell Real werden fiir das Training ausschlieBlich reale Daten
(Trainingsdatensatz 2281 Bilder, Testdatensatz 140 Bilder) eingesetzt. Fiir die Hyperparameter learning rate,
batch Grofle und Anzahl der Iteration fiir das Training des Netzwerkes werden fiir die unterschiedlichen Modelle
dieselben Werte eingesetzt, da diese die besten Ergebnisse geliefert haben. Ebenfalls die Data Augmentation
unterscheidet sich zwischen den Modellen nicht. Fiir die learning rate und batch Grole werden die Werte 1e-4
bzw. 2 gewihlt. Die Anzahl der Epochen wird so angepasst, dass bei gegebener Anzahl der Trainingsbilder
ungefihr 60 000 Iterationen erreicht werden. Das Training wird auf einer GeForce Titan X GPU durchgefiihrt.

3 Ergebnisse

Um festzustellen, ob ein erfolgreiches Training des Netzwerkes stattgefunden hat, miissen die trainierten Modelle
auf Testdaten evaluiert werden. Das Netzwerk wurde nicht mit diesen Daten trainiert. SchlieBlich werden die
Experimente in einem letzten Schritt mit Standardmetriken evaluiert, um einen gerechten Vergleich mit
bestehenden Methoden ziehen zu kénnen. Um die Genauigkeit des Modells bei der semantischen Segmentierung
zu Dbestimmen, kann eine Vielzahl an Evaluierungsmetriken verwendet werden. Meist sind die
Evaluierungsmetriken beziiglich der Genauigkeit Varianten der Pixelgenauigkeit und des Intersection Over Union
(IOU). Die Pixelgenauigkeit ist die einfachste Metrik und wird mit dem Verhiltnis von richtig klassifizierten
Pixeln durch die Gesamtmenge aller klassifizierten Pixel berechnet. Als zweite Evaluierungsmetrik wird das IOU
untersucht. Das IOU berechnet das Verhiltnis zwischen der Schnittmenge und der Vereinigungsmenge. [6, 11]

3.1 Evaluierung mit simulierten Daten

Abbildung 4 zeigt die Evaluierungsergebnisse der Modelle Sim, Mix, Real und die Ground Truth fiir die simulierten
Daten. In Tabelle 1 sind die Ergebnisse des Beispiels fiir die Pixelgenauigkeit und das IOU aufgezeigt. Die jeweils
besten Ergebnisse sind in fett gedruckt. Die Pixelgenauigkeit wird mit PA fiir Pixelaccuracy abgekiirzt. Fiir den
Mittelwert und die Standardabweichung der Pixelgenauigkeit und des IOU wurden insgesamt zum Vergleich der
Evaluierung mit realen Daten, bei welcher 20 Beispiele ausgewertet werden, ebenfalls 20 Beispiele herangezogen.

»
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Abbildung 4: Beispiel eines Ergebnisses mit simulierten Daten, von links nach rechts: Original, Ground
Truth, Modell Sim, Modell Mix und Modell Real
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Tabelle 1. Ergebnisse mit simulierten Daten

10U [%] PA [%] 10U [%] PA [%] 10U [%] PA [%]
Modell Modell Modell Modell Modell Modell
Sim Sim Mix Mix Real Real
Beispiel 98.28 99.13 96.15 98.03 88.97 94.16
Mittelwert p 90.28 94.70 81.03 88.50 71.42 80.99
Standardabweichung S 7.76 4.83 16.59 11.72 23.25 18.21

3.2 Evaluierung mit realen Daten

Abbildung 5 zeigt die Evaluierungsergebnisse der Modelle Sim, Mix, Real und die Ground Truth fiir die realen
Daten. In diesem Fall wird fiir die Evaluierung ein neuer Datensatz in einem Phantomumfeld erzeugt. Die realen
Instrumente werden direkt vor einem kiinstlichen Gewebe bewegt. Fiir den Mittelwert und die
Standardabweichung der Pixelgenauigkeit und des IOU wurden insgesamt zur Erleichterung der Auswertung 20
Beispiele, da jedes Beispiel manuell gekennzeichnet werden muss, herangezogen. In Tabelle 2 sind die Ergebnisse
des Beispiels fiir die Pixelgenauigkeit und das IOU aufgezeigt. Die jeweils besten Ergebnisse sind in fett gedruckt.

s, g
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Abbilung 5: Beispiel eines Ergebnisses mit realen Daten, von links nach rechts: Original, Ground Truth,
Modell Sim, Modell Mix und Modell Real

Tabelle 2. Ergebnisse mit realen Daten

10U [%] PA [%] 10U [%] PA [%] 10U [%] PA [%]

Modell Modell Modell Modell Modell Modell
Sim Sim Mix Mix Real Real
Beispiel 52.39 68.76 74.96 85.68 82.36 90.32
Mittelwert u 42.14 58.47 70.25 82.18 77.76 87.30
Standardabweichung S 10.92 11.34 9.14 6.64 7.19 4.74

4 Diskussion

Bei der Evaluierung mit simulierten Daten wird deutlich, dass Modell Sim in den meisten Beispielen Modell Mix
und Real tbertrifft. Mit einem Mittelwert der Pixelgenauigkeit von 94.70 % und dem IOU von 90.28 % zeigt
dieses Modell die besten Ergebnisse fiir simulierte Daten. Ebenfalls die Standardabweichung zeigt bei Modell Sim
einen geringeren Wert von 7.76 % des IOU und von 4.83 % der Pixelgenauigkeit an. Es wird deutlich, dass sowohl
Modell Mix als auch Real Hintergrundpixeln die Instrumentenklasse zuweisen. Dies liegt vermutlich daran, dass
in den realen Daten, die sowohl im Datensatz von Modell Mix als auch Modell Real vorliegen, vermehrt
Reflexionen im Instrument auftreten, und daher Reflexionen im Hintergrund dem Instrument zugewiesen werden.
Bei der Evaluierung mit realen Daten wird deutlich, dass Modell Real in den meisten Beispielen Modell Sim und
Mix ibertrifft. Mit einem Mittelwert der Pixelgenauigkeit von 87.30 % und dem IOU von 77.76 % zeigt dieses
Modell die besten Ergebnisse fiir reale Daten. Ebenfalls die Standardabweichung zeigt bei Modell Real einen
geringeren Wert von 7.19 % des IOU und von 4.73 % der Pixelgenauigkeit an. Damit sind die Ergebnisse der
realen Daten zwar nicht so gut wie die der simulierten Daten, zeigen aber dennoch gute Segmentierungsergebnisse.
Es ist zu erkennen, dass in Modell Sim weder in den Beispielen mit dem simulierten als auch realen Datensatz
keine false positives auftreten. Diese konnen im laufenden Prozess allerdings umgangen werden, wenn lediglich
die grofite zusammenhingende Region als Instrument erkannt wird. Die Ergebnisse der durchgefiihrten
Experimente mit Datensidtzen aus simulierten als auch realen Instrumenten lassen darauf schlielen, dass die
Erweiterung eines Datensatzes mit simulierten Instrumenten nicht hilfreich ist, um reale Instrumente zu erkennen.
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5 Zusammenfassung

Fir die Segmentierung der Instrumente wurde das U-Net aus dem Bereich der Segmentierung von
biomedizinischen Bildern gewéhlt. Diese Architektur entspricht einer bekannten und bewéhrten Vorgehensweise
fir Segmentierungsaufgaben und einer Weiterfilhrung der erfolgreich etablierten Fully Convolutional Neural
Networks. Da in der medizinischen Bildgebung vermehrt Schwierigkeiten bei der Verfligbarkeit von annotierten
Datensétzen auftreten und Deep Learning auf einer groBBen Menge von Daten basieren, wurde in dieser Arbeit
zunéchst die Moglichkeit der Simulation gewéhlt. Bei der Evaluierung des Deep Learning Ansatzes steht die
Qualitit der Segmentierung gegeniiber anderen Metriken im Vordergrund. Bei der Evaluierung dieses Ansatzes
mit simulierten Daten kann eine sehr gute Pixelgenauigkeit von 94.70 % und einem IOU von 90.28 % erreicht
werden. Allerdings zeigt sich bei der Evaluierung fiir reale Daten, dass diese nicht befriedigend segmentiert
werden konnen. Dies liegt unter anderem an den starken Reflexionen, die bei realen Instrumenten auftreten, jedoch
in der Simulation nicht ausreichend simuliert werden konnen. Es wird vermutet, dass die simulierten Instrumente
gegeniiber den realen Instrumenten zu unterschiedlich sind. Aufgrund dessen werden neben den simulierten Daten
ebenfalls reale Daten in den Trainingsdatensatz fiir das Modell aufgenommen. Dabei werden Verbesserungen der
Pixelgenauigkeit von 58.47 % auf 82.18 % und des IOU von 42.14 % auf 70.25 % erreicht. Wird ein Modell
jedoch alleinig mit realen Daten trainiert, ohne dass simulierte Daten zum Einsatz kommen, so wird eine
Steigerung auf 87.30 % und 77.76 % erreicht. Dennoch héngt die Verbesserung des Modells von vielen Faktoren
ab und ldsst offen, ob das Modell durch simulativ erzeugt Faktoren verbessert werden kann, zum Beispiel durch
die Optimierung der Simulationsqualitit. Ebenfalls eine Erh6hung der Trainingsepochen des Modell Mix kann zu
einer Verbesserung fiihren, da bei diesem Experiment durch die Erhohung der Trainingsbilder die Anzahl der
Epochen zu den anderen beiden Epochen unterscheidet. Somit ldsst sich das Ergebnis, dass die Evaluierung von
Modellen basierend auf realen Daten mit einem realen Trainingsdatensatz am besten geeignet ist, nicht ohne
weitere Untersuchungen auf andere Anwendungsszenarien iibertragen.
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Abstract

Fiir die Evaluation neuer Interaktionskonzepte in der kollaborativen Robotik wurde ein mobiler Demonstrator
zur Nadelfiihrung bei ultraschallgestiitzten Biopsien entwickelt. Unter Verwendung eines KUKA LBR iiwa 7
Roboterarms wurden verschiedene Touch-Gesten implementiert und in den Ablauf der Biopsie integriert. Ein
mobiles Clarius L7 Ultraschallgerdt wurde um eine flexible Nadelfiihrung ergénzt und am Endeffektor des
Roboters montiert. In System-Tests fiihrten Probanden mit technischem und medizinischem Hintergrund sowohl
manuelle als auch vom Roboter assistierte Biopsien an einem Abdomen Phantom durch.

Keywords: Robotik, ultraschallgestiitzt, Biopsie, Nadelfiihrung, Gesten

1 Problemstellung

Robotersysteme verfiigen iiber sehr hohe Prizision und konnen die Leistung des Chirurgen beim Durchfiihren
von Biopsien enorm steigern. So wurden bereits Systeme vorgestellt, die beim Vorschub der Biopsienadel
Assistenz leisten. Komplizierte Interaktion und fehlende Echtzeit-Bildgebung haben jedoch oft einen schlechten
Einfluss auf die Akzeptanz. Kollaborative Konzepte fiir die Interaktion mit Robotern bieten hierfiir
vielversprechende Ansétze [1]-[2]. Diese Arbeit baut auf diesen Prinzipien auf, um neuartige Konzepte fiir
Interaktionen mittels Touch-Gesten und die Handfithrung an einem kollaborativen Setup zu validieren.

2 Material und Methoden

2.1 Systemdesign

Ein KUKA LBR iiwa 7 R800 Roboter-Arm (Kuka AG, Augsburg, Deutschland) wurde in einem mobilen
Aufbau fiir die Nadelfiihrung bei ultraschallgestiitzten Biopsien integriert. Die Software fiir die Touch-Gesten
Erkennung und Bewegungsplanung ist separat im Robot Operating System (ROS) implementiert und steuert den
Roboter iiber die Standard Sunrise Cabinet Konsole an. Ein mobiles Clarius L7 (Clarius Mobile Health Corp,
Kanada) Ultraschall (US) Gerdt wurde mittels einer Halterung aus dem 3D Druck am Roboter montiert. Die
Halterung umfasst ebenfalls eine einstellbare Nadelfithrung und einen Handgriff mit Druckknopf zur Freigabe
des Handfiihrmodus. Die Planung der Ziel-Trajektorien in prdoperativen Bilddaten ist durch eine Augmented-
Reality basierte Tablet-Anwendung realisiert. Patient und Tablet werden iiber ein optisches Tracking-System
referenziert.

2.2 Studiendesign

Das System wurde an einem Abdomen-Phantom (Triple Modality 3D Abdominal Phantom, CIRS Inc., USA)
getestet. Neun Probanden unterschiedlicher Expertisen fiihrten Versuche an zwei verschiedenen Defekten durch.
Zunichst verwendeten die Probanden das Clarius L7, um manuell beide Lésionen jeweils zweimal mit einer
Nadel zu punktieren. AnschlieBend wurden die Interventionen mit Roboter-Assistenz wiederholt. Die
Trajektorien wurden von den Probanden mit einem optischen Poinfer geplant und der Winkel fiir die
Nadelfiihrung berechnet. Durch einen Touch-Befehl am Roboter wurde das Clarius L7 platziert. Die Genauigkeit
der Gestenerkennung wurde in einer fritheren Arbeit evaluiert [3]. Die Probanden fiihrten den US-Kopf per Hand
entlang der geplanten Trajektorie zum Phantom. Anschliefend stellten sie den Winkel ein und schoben die Nadel
durch die Fithrung ins Ziel. Nach einer Treffer-Bestétigung wurde der Roboter vom Phantom entfernt.
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Die Zeiten und Anzahl der Versuche bis zum Treffen des Ziels wurden festgehalten. Ein Fragebogen diente der
Erfassung der Nutzerfreundlichkeit des Systems.

3 Ergebnisse

Bei der manuellen Biopsie bendtigten die Probanden im Durchschnitt 22 Sekunden, um die Lasionen im
Phantom zu finden. Die Zeit das Ziel mit der Nadel zu punktieren lag im Schnitt bei 50 Sekunden. Die
Planungszeit fiir die assistierte Biopsie betrug dagegen durchschnittlich 28 Sekunden und die Zeit zum Einstellen
der Fithrung und Treffen des Ziels 64 Sekunden. Ohne Assistenz benétigten die Probanden bis zu fiinf Versuche
das Ziel erfolgreich zu punktieren. Im assistierten Falle wurde das Ziel immer beim ersten Versuch getroffen. In
einem Ausnahmefall schob eine Probandin aufgrund eines Bildartefaktes die Nadel zur Sicherheit ein zweites
Mal im Phantom vor. Die Nadelfiihrung wurde von den Probanden als Verbesserung und das
Interaktionskonzept als intuitiv empfunden (Abbildung. 1).

Auswertung der Fragebogen

Tabletanwendung ist fiir die Planung geeignet
Bedienung der Winkeleinstellung ist intuitiv
Interaktionskonzept ist intuitiv

Robotersystem erleichtert Nadelfithrung

0 1 2 3 4 5 6

Abbildung 1: Auswertung der Fragebdgen zum Assistenzsystem und Interaktionskonzept (6 - sehr gut, 1 -
sehr schlecht). Es sind pro Frage die gemittelten Bewertungen aller 9 Probanden angegeben.

4 Diskussion

In dieser Arbeit konnten neuartige Interaktionsmoglichkeiten in ein kollaboratives Roboter-System fiir die
interventionelle Positionierung von Biopsienadeln integriert werden. Das System wurde im Vergleich zur nicht
assistierten US-gestiitzten Biopsie evaluiert. Ein direkter Vergleich der Eingriffszeiten ist aufgrund der
unterschiedlichen Abldufe zwar nicht moglich, jedoch zeigen analoge Arbeitsschritte keine wesentliche
Verzdgerung im Eingriff. Von Probanden gewiinschte Verbesserungen in der Planungsanwendung konnen die
benoétigte Zeit weiter reduzieren. Zudem konnte durch die Arbeit mit dem Robotersystem die Anzahl der
Versuche zum Treffen des Ziels deutlich reduziert werden. Dies verbessert unter anderem auch die Einschitzung
der Interaktionsqualitdt bei der assistierten Nadelfiihrung.

5 Zusammenfassung

Die roboterassistierte Positionierung von Biopsienadeln reduziert die Anzahl der Punktionen. Sie bietet somit
eine Verbesserung des Eingriffes und schont Arzt und Patient. Zur Steigerung der Nutzerfreundlichkeit kann
mittels Touch-Gesten mit dem System interagiert werden. Diese natiirlichere Art der Interaktion wurde von den
Probanden als positives Interaktionskonzeptes bewertet.
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Abstract

Der Verlauf von chirurgischen Fingriffen ist oft nicht vorhersehbar, so dass es schwierig ist, die Dauer ei-
nes Eingriffes korrekt abzuschitzen. Kontextsensitive Methoden, die den Arbeitsablauf, anhand Informationen
zum aktuellen Stand des Fingriffes, online analysieren und automatisch die verbleibende Dauer vorhersagen,
wiirden diese Probleme lindern. Wihrend laparoskopischer Eingriffe ist der endoskopische Videostrom hierfir
eine ideale Informationsquelle. Das Extrahieren von quantitativen Informationen aus dem Video ist jedoch auf-
grund der hohen Dimensionalitit eine Herausforderung. Andere chirurgische Vorrichtungen (z. B. Insufflator,
Lichter usw.) stellen Datenstréme bereit die, im Gegensatz zu dem Videostrom, kompakter und leichter zu
quantifizieren sind. Ob derartige Strome jedoch ausreichende Informationen zur Schatzung der Operationsdauer
liefern, ist ungewiss. In dieser Arbeiten stellen wir Methoden vor um die Dauer von laparoskopischen Inter-
ventionen basierend auf nicht annotierten Daten kontinuierlich vorherzusagen. Die Methoden werden an 80
Aufnahmen von laparoskopischen Eingriffen unterschiedlicher Art ausgewertet, fiir die Daten von chirurgischen
Gerdten und endoskopische Videostrome zur Verfiigung stehen.

Keywords: Restdauerpridiktion, Workflow Analyse, Laparoskopie

1 Problemstellung

Die Zeit im Operationssaal (OP) und die Zeit des chirurgischen Personals sind kostenintensive Krankenhausres-
sourcen und miissen genau eingeteilt werden. Die Planung der Verwendung des OP kann nicht statisch sein,
da ein Vorgang, der ldnger dauert als zuvor geschétzt, dazu fithren kann, dass die folgenden Operationen
zuriickgeschoben oder sogar abgebrochen werden, was sowohl dem Patienten als auch dem OP-Personal Unan-
nehmlichkeiten bereitet. Auf der anderen Seite, wenn ein Eingriff vorzeitig beendet wird, bleibt das OP unge-
nutzt, was unnotige Leerlaufzeit fiir das chirurgische Personal zur Folge hat. Um dies zu verhindern, miissen
durch die OP-Planung Zeitpldne dynamisch aktualisiert werden. Dies wird durch die Unvorhersehbarkeit des
chirurgischen Arbeitsablaufs erschwert, welche es schwierig macht die Dauer der Eingriffe vorher genau ab-
zuschiitzen. Daher muss die OP-Planung stidndig iiber den Fortschritt der laufenden Eingriffe informiert sein.
Zu diesem Zweck muss sie periodisch den Status von Eingriffen abfragen, was zu sehr subjektiven Vorhersagen
und vermeidbaren Storungen fiihrt.

Integrierte OPs werden in Krankenh&usern immer hiufiger eingesetzt und ermoglichen den Zugriff auf Da-
tenstrome von chirurgischen Geriten wie Kameras, Insufflatoren, Lichter usw. wiihrend eines Eingriffes. Solche
Datenstrome konnen Informationen bereitstellen, die eine kontextbezogene Assistenz ermoglichen, wie beispiels-
weise automatisch und kontinuierlich den Fortschritt einer laufenden Operation vorherzusagen. Insbesondere
das endoskopische Video, iiber welches laparoskopische Eingriffe durchgefiihrt werden, bietet eine riesige Menge
an Informationen. Methoden zur Workflow Analyse konnen verwendet werden, um Eingriffe in chirurgische
Phasen zu unterteilen. Héufig wird die Instrumentennutzung, die einen Indikator fiir einen fortschreitende Ope-
rationsstatus darstellt, verwendet um die aktuelle chirurgische Phase zu bestimmen [1, 2, 3, 4]. Convolutional
Neural Networks (CNNs) werden ebenfalls verwendet, um die chirurgische Phase direkt aus dem endoskopischen
Videostrom herzuleiten [5, 6, 7].

Verfahren zur chirurgische Phasenerkennung konnen verwendet werden, um die Dauer von chirurgischen
Eingriffen zu approximieren, aber diese Verfahren erfordern im Allgemeinen eine groe Menge an annotierten
Trainingsbeispielen als Eingabe [9]. Da Phasenmodelle im Allgemeinen fiir einen bestimmten Interventionstyp
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| Bidmerkmale (4096) | | Gertedaten(14) |

4’| Concatenate (4123) |<- -----------------
! i

|:| GRU (512, Sigmoid) |

Operationstyp (1) | FC1 (512, ReLu) | Instrumentennutzung (12)
FC2 (256, ReLu)
FC3 (1, Sigmoid)

Abbildung 1: Die CNN-RNN Architektur fiir die Vorhersage der Restdauer von Videosignal, Instrumentennut-
zung und Gerétedaten. Die gestrichelten Linien symbolisieren optionale Eingaben. FC sind vollstindig vernetzte
Schichten und GRU steht fiir Gated Recurrent Unit. Die Zahlen in den Klammern stehen fiir die Anzahl an
Neuronen und fiir die genutzte Nichtlinearitit.

spezialisiert sind, miissten mehrere Detektoren trainiert werden. Daher wiirde die Verwendung eines phasenba-
sierten Verfahrens als allgemeine Losung zur Bestimmung der verbleibenden Operationsdauer eine grofie Menge
an annotierten Trainingsdaten erfordern. In [8] schlagen die Autoren ein System vor, das die verbleibende Opera-
tionszeit wahrend laparoskopischer Cholezystektomien ohne Operationsphasen, aber direkt aus der Verwendung
des elektrochirurgischen Geréts bestimmt.

In diesem Beitrag stellen wir drei auf CNN basierende Methoden zur direkten Vorhersage der Dauer la-
paroskopischer Interventionen vor. Diese Verfahren erfordern keine manuell annotierten Trainingsdaten und
funktionieren fiir verschiedene Arten von laparoskopischen Verfahren. Die Auswertung der Methoden erfolgt an
einem Datensatz mit 80 laparoskopischen Operationen unterschiedlicher Art und auf dem Cholec80-Datensatz
[7]. Nach unserem Wissen ist unser Ansatz der erste, der die Dauer von laparoskopischen Eingriffen basierend
auf einer Kombination aus nicht annotierten Video- und chirurgischen Gerétedaten vorhersagt.

2 Material und Methoden

Voraussetzung fiir eine Vorhersage der Restdauer von laparoskopischen Eingriffen sind Informationen iiber den
aktuellen Zustand der Operation. Da der endoskopische Videosignal als Grundlage fiir die Handlungen des
Chirurgen dient, gehen wir davon aus, dass er ausreichende Informationen iiber den Zustand des Verfahrens
enthélt, obwohl die Extraktion quantitativer Informationen aufgrund der hohen Dimensionalitéit des Daten-
stroms eine Herausforderung darstellt. Hier stellen wir eine Kombination aus CNN und einem rekurrenten
neuronalen Netzwerk (RNN) vor, die es ermoglicht, die Dauer einer Operation aus einem endoskopischen Vi-
deostrom vorherzusagen. Auflerdem schlagen wir eine Variante dieses neuronalen Netzwerk vor, das explizit
die Erkennung von Instrumentennutzung durchfiihrt und diese Information zur weiteren Verbesserung ihrer
Vorhersagen verwendet.

Weiterhin hat die Verfiigbarkeit von integrierte OPs in Krankenh#usern eine steigende Tendenz. Diese OPs
ermoglichen den Zugriff auf Datenstrome von chirurgischen Geréiten in Form von Zeitreihen. Diese Zeitreihen
sind, im Gegensatz zum Videosignal, kompakter und leichter zu quantifizieren, enthalten jedoch eine geringere
Menge an Information. Wir stellen die Hypothese auf, dass sowohl Datenstrome als auch Video- und Gerétedaten
komplementédre Informationen enthalten, was bedeutet, dass eine Kombination der beiden die Genauigkeit der
Vorhersagen erhohen sollte. Um diesen Aussage zu evaluieren, schlagen wir eine Fusion der beiden Strome in
einem neuronalen Netzwerk (Abbildung 1) vor.

2.1 V-Net: Bildbasierte Schitzung

Die Topologie unseres CNN-RNN zur Vorhersage der Dauer der Operation aus dem endoskopischen Video,
V-Net, ist identisch zu dem Netzwerk fiir die Phasenerkennung vorgeschlagen in [5], die aus einem Alexnet
[10] Stil Netzwerk (Bildmerkmale in Abbildung 1) kombiniert mit einer Gated Recurrent Unit [11] (GRU) um
zeitliche Informationen zu integrieren. Wir trainieren die der GRU vorausgehenden Schichten mit der in [5]
vorgeschlagenen Methode vor. Als Input fiir V-Net tasteten wir Videos mit einer Rate von einem Bild pro
Sekunde ab und reduzierten jedes Bild auf eine Auflésung von 320 x 240 Pixel. Dies wurde durchgefiithrt um
die Datengroéfle und die Trainingszeit zu reduzieren.
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Dariiber hinaus geben wir V-Net Informationen {iber den Typ der durchgefiihrten laparoskopischen Opera-
tion (Operationstyp in Abbildung 1). Zu diesem Zweck kategorisieren wir unsere Daten in 5 allgemeine Typen
von laparoskopischen Eingriffen (Tabelle 1). Wir weisen jedem Videoframe eine Zahl zwischen 0 und 1 als Label

zu, d.H. die Bezeichnung des Videoframes ¢ von einem Video, das aus N Videoframes besteht, ist [; = ﬁ

Operationstype 1D
Colorektal

Oberer Gastrointestinal Trakt und bariatrisch
Hepato Pankreato Bilifire

Allgemeine Laparoskopie

Einzelfille

QY | W DN —

Tabelle 1: Allgemeinen Typen der verwendeten laparoskopischen Eingriffe

Da die der GRU vorausgehenden Schichten vortrainiert sind, optimieren wir nur die Gewichte der neu
hinzugefiigten Schichten. Dazu verwenden wir den Adam-Optimizer [12] mit einer Lernrate von 1075 und
einem sigmoid cross-entropy loss. Das Netzwerk wird fiir 50 Iterationen trainiert.

2.2 VI-Net: Schitzung basierend auf Bild- und Instrumentennutzung

Da das Vorhandensein eines bestimmten chirurgischen Instrumententypes im endoskopischen Video oft ein
wichtiger Hinweis fiir den Fortschritt der Operation ist [7], gehen wir davon aus, dass die explizite Einbezie-
hung von Informationen iiber die derzeit sichtbaren Arten von Instrumenten die Leistung der Vorhersage der
Prozedurdauer erh6hen wiirde.

Um die derzeit im endoskopischen Video verwendeten Instrumente zu identifizieren, modifizieren wir ein
vortrainiertes ResNet-152 [13] fiir die Erkennung der Instrumentennutzung. Hier ersetzen wir die vortrainierte
vollvernetzte Ausgangsschicht durch eine andere vollvernetzte Schicht, die aus 12 Knoten (einer pro Instrumen-
tentyp) mit sigmoiden Nichtlinearitédten besteht. Die Gewichte der Schichten conv5_z und der neuen vollstindig
vernetzten Schicht werden mit Hilfe eines Datensatzes von 24 kolorektalen Laparoskopien trainiert, in dem die
Anwesenheit von 12 moglichen chirurgischen Instrumenten in einem Bild pro Minute annotiert wurde. Zum
Trainieren wird der Adam-Optimizer [12] mit einer Lernrate von 10~° und dem binére cross-entropy loss ver-
wendet.

Um Informationen iiber die Instrumentennutzung zur Vorhersage der Operationsdauer zu nutzen, erwei-
tern wir die Architektur von V-Net auf VI-Net, um eine zuséitzliche Eingabeschicht (Instrumentennutzung in
Abbildung 1) zu akzeptieren. VI-Net wird auf die gleiche Weise trainiert wie V-Net.

2.3 VID-Net: Integration von Geritedaten

Um den bereitgestellten Datenstrom von chirurgischen Geraten des integrierten OPs zu integrieren, erweitern
wir VI-Net um eine weiteren Eingabeschicht (Gerétedaten in Abbildung 1). Die Eingabe besteht aus 14 Werten,
die jeweils ein unterschiedliches Signal eines chirurgischen Gerét darstellen (eine Liste der verwendeten Geréte
und Signale befindet sich in der Tabelle 2). Analog zum Video wihlen wir eine Sekunde als Grofe fiir jeden
Zeitschritt aus. Bei Signalen mit einer Datenrate iiber 1 Hz werden alle Werte, mit Ausnahme des aktuellsten,
ignoriert. Fiir Signale mit einer niedrigeren Datenrate verwenden wir den aktuellsten Wert, auch wenn er élter
als eine Sekunde ist.
VID-Net wird auf die gleiche Weise wie die vorherigen zwei Netzwerke trainiert.

3 Evaluation und Ergebnisse

Grundlage unserer Auswertung ist ein Datensatz bestehend aus Aufnahmen von 80 laparoskopischen Eingriffen
von unterschiedlichen Operationstypen (MultiType). Fiir jede Operation enthilt der Datensatz das endoskopi-
schen Video und die Datenstréme der verschiedenen chirurgischen Geréten (Tabelle 2). Die Prozeduren wurden
alle im selben OP des Universitéitsklinikums Heidelberg mit dem integrierten OP-System OR1 ™ (Karl Storz
SE & Co. KG, Tuttlingen, Deutschland) aufgezeichnet. Die durchschnittliche Prozedurlinge im Dataset betrigt
105,6 Minuten. Die Datensétze, die fiir das Vortrainieren von V-Net und fiir das Trainieren des ResNet-152 fiir
die Erkennung der Instrumentennutzung verwendet wurden, iiberschneiden sich nicht mit diesem Datensatz.
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Geriite Signal

Ist Gasflussrate

Soll Gasflussrate

Ist Gasdruck

Soll Gasdruck
Verbrauchtes Gasvolumen
Druck Gasversorgung
Gerét an?

Alle Lichter aus?
Helligkeit Licht 1
Helligkeit Licht 2
Helligkeit
Weiflabgleich

Gains
Empfindlichkeitsindex

Insufflator

OP Lichter

Endoskopische Lichtquelle

Endoskopische Kamera

Tabelle 2: Chirurgischen Gerite und genutzte Signale

Um die drei vorgeschlagenen Methoden zu evaluieren teilen wir den Datensatz in vier Sets gleicher Grofie auf
und fiihren fiir jede Methode vier Leave-One-Set-Out-Bewertungen durch. Bei der Aufteilung des Datensatzes
sorgen wir dafiir, dass die Verteilung der verschiedenen Operationstypen in jedem Set ausgeglichen ist.

Wihrend des Evaluation berechnen wir die Restdauerpréadiktion N; fiir jeden Videoframe 1i: N; = yi, wobei
y; € [0,1] der vorhergesagte Fortschritt der Prozedur ist. Mit N; kénnen wir den Vorhersagefehler in Sekunden,
|Ni — N|, und den Vorhersagefehler relativ zur Linge N jeder Prozedur berechnen, ‘N‘% Fiir jede Methode
stellen wir sowohl den absoluten als auch den relativen Vorhersagefehler bereit (siehe Tabellen 3a und 3b). Um
zu messen, wie sich die Fehler im Verlauf einer Prozedur entwickeln, berechnen wir die durchschnittlichen Fehler
wihrend jedes zeitlichen Viertels einer gegebenen Prozedur (Q1-Q4). Als eine naive Baseline geben wir den
Vorhersagefehler an, der auftreten wiirde, wenn die durchschnittliche Prozedurdauer iiber den Trainingsdaten
als Wert fiir N; verwendet wiirde. Wir stellen auch eine auf den Operationstyp basierende Baseline (Type)
zur Verfiigung, wobei wir stattdessen die durchschnittliche Prozedurdauer fiir jeden Operationstyp in Tabel-
le 1 separat berechnen. Zur weiteren Auswertung werden V-Net und VI-Net auf den offentlich zugénglichen

Method Q1 Q2 Q3 Q4 Mean

V-Net 3818 + 486 2496 + 258 1611 £ 230 1353 £ 200 2320 £+ 846

VI-Net 4271 + 433 2421 4+ 318 1052 £+ 285 1457 £ 322 2300 + 886

VID-Net 4143 4+ 449 2289 £ 312 1071 + 279 1313 £ 312 2204 £ 875

Baseline (Naive) | 3208 4 2085 | 3208 + 2085 | 3208 £ 2085 | 3208 4 2085 || 3208 £+ 2085

Baseline (Type) | 2093 + 1787 | 2093 4+ 1787 | 2093 £ 1787 | 2093 £ 1787 || 2093 £ 1787

(a) Absoluter Fehler (in Sekunden)

Method Q1 Q2 Q3 Q4 Mean
V-Net 53% + 9% 42% + 6% 42% + 5% 44% + 4% 45% + 16%
VI-Net 61% + 8% 35% + 6% 25% + 5% 37% + 6% 39% + 15%
VID-Net 59% + 8% 32% + 5% 24% + 5% 35% + 6% 37% £ 14%
Baseline (Naive) | 124% + 245% | 124% +245% | 124% + 245% | 124% + 245% || 124% + 245%
Baseline (Type) | 57% £ 99% 57% £+ 99% 57% £+ 99% 57% £+ 99% 57% £ 99%

(b) Relativer Fehler

Tabelle 3: Die durchschnittlichen Vorhersagefehler auf den MultiType Datensatz. (a) zeigt den durchschnitt-
lichen absoluten Fehler aller Methoden und (b) den durchschnittlichen relativen Fehler.

Cholec80-Datensatz [7] angewendet, der aus 80 Videos von laparoskopischen Cholezystektomien besteht. Wir
unterteilen den Datensatz in vier Sets gleicher Grofle und dhnlicher durchschnittlicher Eingriffsléinge und fithren
fiir jede Methode vier Leave-One-Set-Out-Bewertungen durch. Der absolute und der relative Vorhersagefehler
konnen in den Tabellen 4a und 4b gefunden werden. Es ist nur eine Baseline verfiigbar, da das Dataset aus ei-
nem einzigen Prozedurentyp besteht. Im Datensatz sind keine Daten zu chirurgischen Geriten enthalten, sodass
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VID-Net nicht verwendet werden kann.

Method | Q1 Q2 Q3 Q4 Mean
V-Net 934 +£238 | 804+ 135 | 581 +119 | 353 £92 668 + 233
VI-Net 920 + 147 | 746 104 | 434 4+93 | 236 +80 584 + 214

[Baseline | 768 £ 669 | 768 £ 669 | 768 & 669 | 768 + 669 || 768 + 669 |
(a) Absoluter Fehler (in Sekunden)

Method | Q1 Q2 Q3 Q4 Mean
V-Net 42% +12% | 38% 7% | 31% £6% | 22% + 5% 33% + 11%
VI-Net 34% £ 7% | 28% £+ 5% 17% + 4% 12% + 4% 23% + 9%

[ Baseline | 66% £ 27% | 66% £ 27% [ 66% £ 27% [ 66% = 27% [| 66% + 27% |
(b) Relativer Fehler

Tabelle 4: Die durchschnittlichen Vorhersagefehler auf den Cholec80 Datensatz. (a) zeigt den durchschnittlichen
absoluten Fehler aller Methoden und (b) den durchschnittlichen relativen Fehler.

Die Ergebnisse von MultiType zeigen, dass alle drei Methoden die Baseline iibertreffen. Dariiber hinaus
liefert VID-Net genauere Ergebnisse als die anderen beiden Netzwerke. Dies zeigt, dass Daten aus chirurgischen
Geriiten tatsdchlich komplementére Informationen enthalten. Tabelle 5 zeigt, dass VID-Net in den ersten drei
Verfahrenskategorien konsistent arbeitet. Teil der “Allgemeine Laparoskopie” Kategorie sind diagnostische La-
paroskopien, die signifikant kiirzer sind (< 15 min) als die durchschnittliche Prozedur im Datensatz, was diesen
Leistungsabfall erklirt. Die letzte Kategorie enthélt nur Einzelfille, die sich von den anderen Kategorien stark
unterscheiden, was Vorhersagen schwierig macht.

Bei Cholec80 iibertreffen beide Methoden die Baseline, wihrend VI-Net auch V-Net iibertrifft. Ein direkter
Vergleich mit den Ergebnissen in [9] ist nicht méglich, da die Autoren einen privaten Datensatz zum Testen

verwenden.
Type | Q1 Q2 Q3 Q4 Mean
1 6020 4961 | 3452 4+ 733 | 1350 & 652 | 1381 4+ 710 || 3050 £ 2136
2 4102 £ 863 | 2096 541 | 852 £ 474 1226 + 527 || 2069 £ 1460
3 4070 £ 822 | 2090 £ 510 | 764 + 376 1053 =475 || 1994 4 1483
4 1098 + 457 | 496 £ 241 706 £ 246 1270 £ 292 || 893 £ 572
) 1419 4+ 522 | 707 £ 308 927 + 256 1518 + 382 || 1143 4746

(a) Absoluter Fehler (in Sekunden)

Type | Q1 Q2 Q3 Q4 Mean
1 67% £ 12% | 37% + 8% 15% + ™% 18% + 8% 34% + 24%
2 62% + 14% | 30% + 9% 12% + 7% 22% + 9% 32% + 22%
3 65% + 14% | 32% + 8% 12% + 6% 18% + 8% 32% + 24%
4 43% +20% | 25% +£12% | 45% £ 13% | 72% + 14% || 46% + 28%
) 45% £ 21% | 26% +13% | 46% +11% | 71% £ 15% || 47% + 30%

(b) Relativer Fehler

Tabelle 5: Die durchschnittlichen Vorhersagefehler von VID-Net auf den MultiType Datensatz, aufgeteilt
nach Operationstyp. (a) zeigt den durchschnittlichen absoluten Fehler und (b) den durchschnittlichen relativen
Fehler.

4 Diskussion

In dieser Arbeit haben wir, nach unserem Kenntnisstand, den ersten Ansatz zur Online Vorhersage der Rest-
dauer unter Verwendung nicht annotierter, endoskopischer Videodaten und chirurgischer Gerétedaten in einer
laparoskopischen Umgebung vorgestellt. Bei MultiType zeigte VID-Net einen durchschnittlichen Vorhersage-
fehler von 37% und einen Halbzeitfehler von etwa 28%, welche niedriger sind als die Ergebnisse der Baselines.
Dariiber hinaus haben wir gezeigt, dass eine Methode mit Bild- und Gerédtedaten besser abschneidet als nur
mit Bilddaten alleine. Die Auswertung zeigt, dass die vorgestellten Methoden bei Prozeduren mit kurzer Linge
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(kiirzer als 15 min) und in Einzelfillen derzeit iiberdurchschnittlich grofie Fehler aufweisen. Wir gehen davon
aus, dass dies auf mangelnde Trainingsdaten zuriickzufithren ist, da unser Datensatz hauptséichlich ldngere
Operationen umfasst.

Auf Cholec80 erzielte VI-Net einen durchschnittlichen Vorhersagefehler sowie einen Halbzeitfehler von 23%
und {ibertraf damit die Baseline. Dieser Leistungsunterschied in den beiden Datensétzen kann dadurch erklart
werden, dass MultiType mehrere Prozedurtypen enthielt und die Eingriffe auch eine groflere Varianz in der
Dauer aufwiesen.

Da unsere Ergebnisse zeigen, dass die Kombination von Bild- und Gerdtedaten mehr Informationen iiber den
Fortschritt der Operation liefert, gehen wir davon aus, dass Daten, die dem Aniisthesisten zur Verfiigung stehen,
wie Herzfrequenz, Blutdruck und Medikamentendosierungen, zusétzliche Verbesserungen bringen kénnten.
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Abstract

Kontext-Sensitivitit bildet die Grundlage neuartiger Assistenzsysteme in der Chirurgie, beispielsweise
(teil)autonomer Chirurgieroboter. Die Forschung an chirurgischer Workflowanalyse ist allerdings limitiert
durch die geringe Zahl offentlich verfiigharer Datensdtze. In dieser Arbeit stellen wir daher einen neuen
Datensatz von 30 kolorektalen Operationen vor, die in jeweils bis zu dreizehn Phasen eingeteilt wurden.
Insgesamt wurden 96 Stunden Videodaten und fast 3 Millionen Sensordatenpunkte chirurgischer Medizingerdte
(z.B. Insufflator) aufgenommen und mit 626 Phaseniibergingen annotiert. Dieser Datensatz wurde zudem in
einem internationalen Programmierwettbewerb genutzt. Die Ergebnisse mit einer Genauigkeit der
Phasenerkennung zwischen 21 und 61% zeigen auf, dass chirurgische Workflowanalyse noch nicht gelést ist.
Unser Datensatz bildet damit einen neuen Benchmark, an dem sich Algorithmen fiir die Workflowanalyse
messen kénnen.

Keywords: Kontext-Sensitive Assistenzsysteme, Chirurgische Workflowanalyse, Laparoskopische Chirurgie,
Kolorektalchirurgie, Open Data

1 Problemstellung

Kontext-Sensitivitit und Workflowanalyse sind entscheidende Grundlage fiir die néichste Generation
chirurgischer Roboter. Kognitive chirurgische Roboter werden aus Erfahrung lernen und komplexe Aufgaben
(teil-)autonom durchfiihren. Allerdings ist die Forschung zu chirurgischer Prozessanalyse aktuell limitiert durch
den Mangel an qualitativen klinischen Datensétzen. Um dieses Problem zu 16sen, haben wir einen Datensatz
laparoskopischer, kolorektaler Operationen erstellt und getestet, um einen neuen Benchmark fiir Algorithmen zur
Workflowanalyse zu erstellen.

2 Material und Methoden

In einem ersten Schritt wurden am Universitatsklinikum Heidelberg laparoskopische Videos zusammen mit
Daten chirurgischer Medizingerite (Insufflator, OP-Licht, Kamera-Einstellungen) aufgezeichnet. Die Daten
wurden in einem integrierten Operationssaal der Firma KarlStorz (Tuttlingen, Deutschland) aufgezeichnet. Bei
der laparoskopischen Kamera handelte es sich um eine 2D-Kamera mit 30° Optik. Die Videos wurden mit einer
Auflésung von 1920x1080 Bildpunkten und 25 Bildern pro Sekunde aufgenommen. Video- und Gerdtedaten
wurden durch Zeitstempel im Aufnahmerechner synchronisiert. Insgesamt 30 Operationen wurden ausgewéhlt,
die sich aus jeweils zehn Eingriffen der Sigmaresektion (SR), Rektumresektion (RR) und Proktokolektomie (PK)
zusammensetzten. Aus Datenschutzgriinden erfolgte keine Auswertung der Operationen unterschieden nach
Operateuren.

AnschlieBend annotierte ein chirurgischer Experte jedes Video, indem er jedem Einzelbild eine von dreizehn
chirurgischen Phasen zuordnete (Vorbereitung, Mobilisation des Sigma, Dissektion des Rektums etc.).
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In einem dritten Schritt wurde der gesamte Datensatz im Rahmen der internationalen Endoscopic Vision
Challenge [l] von vier unabhingigen Forschungsgruppen getestet. Hier wurden 24 Operationen als
Trainingsdatensétze und 6 Operationen als Testdatensétze genutzt, um die chirurgischen Phasen zu erkennen.
Die Forschungsgruppen verwendeten verschiedene Kombinationen neuronaler Netze (u.a. Convolutional Neural
Networks, Recurrent Neural Networks). Als Metriken wurden die Genauigkeit (Anteil korrekter
Klassifikationen) und der Jaccard Index (JI, Uberlappung zwischen Algorithmischer Klassifikation und
chirurgischer Annotation geteilt durch ihre Vereinigung) gewahlt.

3 Ergebnisse

Insgesamt 96 Stunden Video und ca. 2.97 Millionen Sensordatenpunkte wurden gesammelt und mit 626
Phaseniibergéingen annotiert. Jede Phase dauerte durchschnittlich 18.9+16.8 min. Die ldngste Phase in SR war
»Mobilisation des Sigma“ mit 42.8+24.1 min. Dissektion des Rektums war die ldngste Phase in RR (45.4+21.3
min) und PK (51.249.7 min). Die zweitlingste Phase war in allen Operationstypen die extraabdominelle
Vorbereitung der Anastomose mit 36.0+11.3 min fiir SR, 36.9+£15.0 min fiir RR und 44.2+7.18 min fiir PK. Die
Algorithmen zur Workflowanalyse erreichten zwischen 21% Genauigkeit mit einem durchschnittlichen JI von
8% (schwichster Algorithmus) und 61% Genauigkeit mit einem durchschnittlichen JI von 40% (stérkster
Algorithmus). Allerdings schwankte der JI selbst beim stérksten Algorithmus zwischen 18% und 78% je nach
Test-Operation.

4 Diskussion und Zusammenfassung

Der vorgelegte Datensatz stellt offensichtlich noch eine groBe Herausforderung fiir aktuelle Algorithmen zur
Workflowanalyse dar. Mit dreiBig Datensétzen handelt es sich um einen vergleichsweise groflen Datensatz fiir
die Chirurgie. Allerdings werden groBere Datensitze fiir weitergehende Forschung bendtigt. Weiterhin ist die
Standardisierung und Reproduzierbarkeit der Annotationen notwendig, um standortiibergreifende
Zusammenarbeit zu ermdglichen. Mdgliche Ansatzpunkte bilden hier Ontologien fiir die Annotation [2]. Kritisch
ist zu bemerkten, dass unsere Annotationen nur von einem einzigen Chirurgen durchgefiihrt wurden und die
intra- und inter-Observer-Variabilitét nicht untersucht wurde.

Zusammenfassend zeigen unsere Ergebnisse, dass das Problem der Workflowanalyse durch aktuelle
Algorithmen adressiert werden kann, aber noch nicht geldst ist.
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Abstract

Patients suffering from large thoracoabdominal aortic aneurysms (TAAA) are confronted with the need for
substantial aortic repair. The risks of such an intervention are neurological pathologies, e. g. Paraplegia. The
minimally invasive, selective segmental artery coil embolisation (MISACE) is a procedure employed to
preemptively close supplying segmental arteries of the aorta to promote collateral perfusion network
arteriogenesis before such a conservative procedure. Since the MISACE procedure is still in an early
application phase there exist no general guidelines for artery closing patterns, the impact on the paraspinal
collateral network perfusion compensation mechanics or the corresponding risk of ischemia and paraplegia. We
aim to establish an understanding of the coiling patterns and their impact on spinal perfusion and the clinical
outcome from a computational perspective. A modelling approach combining the patient-specific situation with
an interventional process representation is introduced. A prediction method to estimate patient-individual
consequences of coiling patterns on the overall procedure risk and the minimal recuperation time follows the
model development.

Keywords: TAAA, Decision Support, Patient Modeling, Process Modeling

1 Problem

Large thoracoabdominal aortic aneurysms (TAAA) are substantial and complex forms of a permanent dilation of
the aortic vessel wall mainly caused by atherosclerosis-based processes as well as autoimmune and infectious
conditions. The extent of the TAAA is identified using the Crawford classification (I to IV). A repair of such a
widespread pathology is preferably done using an endovascular minimally-invasive approach with the
application of a stent graft. However, a successful intervention still poses a substantial risk to the patient in the
form of ischaemic reactions in the spinal cord leading to paraplegia or death [1]. The minimally invasive,
selective segmental artery coil embolization (MISACE) is a procedure employed to preemptively close
supplying segmental arteries (Fig. 1) of the aorta to promote collateral perfusion network arteriogenesis before

MISACE
alternating VS. regional

N\ Vi
W

Figure 1: Example for segmental arterie coilin (left) and different coiling patterns (right)

such a conservative procedure [2]. The procedure was then used to form the concept of “staged repair”, where
segmental arteries are deliberately occluded in subsequent steps with sufficient time intervals to allow for
structural changes within the arterial collateral network. This staging approach aims to secure spinal cord
perfusion and, more importantly, eliminate ischaemic reactions following aortic repair. Since the MISACE
procedure is still in an early application phase there, exist no general guidelines for segmental artery closing
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patterns and their respective influence on the clinical outcome [3]. Furthermore, the impact on the paraspinal
collateral network perfusion compensation mechanics and the corresponding risk of ischemia and paraplegia are
unknown. The effectiveness of the MISACE procedure is currently being investigated in a multi-centric clinical
trial in the PAPAartis EU project [4]. In the project, patients with Crawford type II and III will be pre-treated
with the MISACE followed by TAAA (open or endovascular). Our goal is to develop a patient and an
intervention process hybrid model to investigate the influence of varying coiling patterns and their impact on the
convalescence of spinal perfusion and the clinical outcome using computational modelling strategies.

2 Material and Methods

Initially, an intervention modelling approach had to be identified that corresponds with the overall project trial
setup and also covers all relevant aspects of the intended treatment process. Multimodal patient-specific
information is acquired in various stages including before, during and after the MISACE staging as well as one
month and twelve months post-operatively after aneurysm repair. In response to the increasing amount of
patient-individual data and its consideration in the treatment process, the introduction of a software systems
design for intelligent decision-support in the clinical workflow of MISACE planning is intended. An overall
limitation is set by the machine-readability of such highly heterogeneous patient data, as well as the inference of
relevant information. The extraction of expert knowledge from the respective medical domains is laborious and
often counter-productive to the overall concept of assistance systems. Therefore, we chose the approach of
digitally modelling the patient as well as the perioperative therapy processes. Using this approach, a software-
internal representation of the individual patient state is generated at different time points during the treatment
process. Investigating the temporal changes of specific patient data (vital, pathological, and procedure
parameters) leads to the abstraction of more generalised representation of the treatment process and, furthermore,
enables the comparison of new patients with this treatment representation. In a first step, the model components
and relevant parameters were identified. With the start of the intervention phase in the PAPAartis project, the
model components will be instantiated and key patient and therapy process model parameters identified which
correspond to the MISACE staging in a meaningful way.

3 Results

The overall modeling approach is divided into 5 stages (Fig. 2). We initially identified the components of a
patient model representation including parameters, e.g. demographic background, imaging data, anamnesis, and
diagnosis. The individual patient data gathered from the trial is stored in a knowledge base. Patient-specific
parameters are extracted, categorised and stored in an overall patient representation. From the knowledge base,
potential treatment-relevant parameter candidates are identified by investigating patient clusters and
corresponding intervention trajectories. For this, previously recorded treatment data and patient-specific
characteristics from the trial are mapped for each patient and subsequently analysed by utilizing tailored
similarity metrics for patient characteristics and treatment processes. The coherence revealed as a result of this
analysis are potential causal connections and can be used to predict treatment processes, risks, recuperation time,

Figure 2: Stages of the modeling approach

best treatment as well as a patient outcome for each patient. Subsequently, the MISACE procedure is analysed
using modelling approaches from previous works [4-7]. Workflow and process analysis steps then allow the
definition of a representative process model including all relevant surgical actions executed for the various
coiling configurations. Both the patient and the process model are then used to form a therapy model that is
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instantiated at each time point of the trail, where patient-specific diagnostics are performed. The development of
an estimation method to identify the ideal MISACE stage configuration is based on the highest correlation of
parameters between patient models and process models at these time points. For example, patient characteristics
that have been observed to likely cause high risk or poor outcome (e.g. for paralysis, extraordinary long
recuperation time etc.) in combination with specific stage configurations, will cause an adaption of process
model and treatment to minimize the risk for the patient, maximize patient outcome and thus contribute in
choosing the optimal treatment plan for each individual patient.

4 Discussion

In this work, we introduced our modelling approach for the simulation of the patient-individual intervention
process for staged segmental artery occlusion as performed in a staged MISACE procedure. The goal is to
establish a model representation that enables the investigation of different coiling strategies and their direct
influence on the paraspinal collateral network perfusion and the ischaemic reaction of the patient. Taking into
consideration the multi-modal data, e.g. imaging & procedure parameters as well as cardiovascular and
pathology parameters are challenging not only regarding complexity and resources needed. The modelling
approaches for the patient situation and the MISACE process necessitate abstraction and simplification steps
which could potentially lower the overall expressiveness of the overall model. Furthermore, the inter-patient
range of parameter values and responses to the treatment could negatively impact computational methods
optimised for convergence. Close attention must be paid to the meaningfulness of the selected model parameters
and their validation in potential decision-support functionality.

5 Conclusion

The introduction of software systems for intelligent decision-support in the clinical workflow of interventional
procedures is primarily a response to the increasing amount of patient-individual data and its consideration in the
treatment process. However, the machine-readability of such patient data, as well as the inference of relevant
information, is still restricted. The extraction of expert knowledge from the respective medical domains is still
resource-consuming. The approach of digitally modelling the patient as well as the perioperative therapy
processes are offering a way, to generate a software-internal representation of the individual patient state at
different time points during the treatment process based on the currently specified domain knowledge and model
aspects. Investigating the temporal changes of specific patient data (vital, pathological, and procedure
parameters) could lead to the abstraction of a more generalised representation of the treatment process and,
furthermore, enables the comparison of new patients with this treatment representation.
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Abstract

Im  Projekt MPPROCIT (Mannheim  Molecular  Process Information  Technology) wird eine
Prozessmanagementplattform realisiert, mit der die Prozesse vor, wdihrend und nach einer molekularen
Intervention und der zugehdrige Ressourceneinsatz geplant und gesteuert werden kénnen. Die einheitliche
Erfassung der Patientendaten und der Prozessparameter im Interventionsraum ermdoglicht eine
Qualitdtskontrolle und Optimierung der Prozessstrukturen. Die Ansdtze zur Modellierung und Ausfiihrung der
klinischen Prozesse werden skizziert und diskutiert.

Keywords: klinische Prozesse, molekulare Intervention, Prozessmanagement

1 Problemstellung

Im Forschungscampus ,,Mannheim Molecular Intervention Environment (M2OLIE)* wird in interdisziplindrer
Zusammenarbeit von Medizinern, Naturwissenschaftlern, Ingenieuren und Betriebswirtschaftlern aus fiinf
akademischen (Hochschulen und nicht-universitdren Forschungseinrichtungen) und neun industriellen Partnern
(GroBunternehmen und kleine und mittlere Unternehmen) im Mannheimer Universititsklinikum eine
medizinische Interventionsumgebung fiir die Weiterentwicklung von minimal-invasiven Krebstherapien
entwickelt. Im Laufe dieses Entwicklungsprozesses sollen Therapieverfahren aus den Bereichen Radiologie,
Nuklearmedizin und Strahlentherapie durch modernisierte Bildgebungsverfahren, patientenindividuelle
Radiopharmaka, roboterbasierende Interventionsassistenten und viele weitere personalisierte Therapieverfahren
verbessert und erginzt werden.

Am Behandlungsfall oligometastasierter Patienten werden minimalinvasive Diagnose und Therapie in einem
geregelten Prozess, kurz Closed-Loop-Prozess, mit sehr kurzen Durchlaufzeiten als One-Stop-Shop umgesetzt.
Das folgende Diagramm zeigt die wesentlichen Stationen des Prozesses und die zugeordneten Teilprojekte des
Forschungscampus.

PATIENTENAUFNAHME

BILDGEBUNG
MZ2IBID

ROBOTER ASSISTIERTE
THERAPIE
MZINT

KLINISCHES PROZESS-
MANAGEMENT-SYSTEM
ProM20LIE/M2PROCIT

AUTOMATISIERTE
BIOPSIEENTNAHME
M2INT

Abbildung 1: Visualisierung des Closed-Loop-Ansatz und dazugehériger Teilprojekte im
Forschungscampus M?OLIE [1].

Die Kombination verschiedener bildgebender Verfahren (3-Tesla-MR-Tomographen, PET-Scanner, CT-Scanner
SOMATOM Force) ermoglicht die Planung der teilautonomen Navigation der robotischen Assistenzsysteme
(Artis ZEEGO® System und Leichtbauroboter) im Interventionsraum und der Biopsieentnahme. Die Proben
gelangen direkt zur Bioanalyse mit Verfahren der Massenspektrometrie. Die Resultate dienen dem Tumorboard
neben den Patientendaten als weitere Entscheidungsgrundlage und stellen die Basis der radio-chemischen
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Produktion von fallspezifischen Diagnostika und Therapeutika bereit, die unter Verwendung der
Assistenzsysteme zeitnah minimalinvasiv appliziert werden.

Eine effiziente, patientenorientierte Behandlung in einem One-Stop-Shop erfordert neben der Bereitstellung der
technischen, personellen und rdumlichen Ressourcen auch eine mdglichst exakte Planung der Schritte und deren
Abfolge wihrend der Behandlung. Das medizinisch notwendige Vorgehen - {iblicherweise als
Entscheidungsstruktur in Form eines “klinischen Pfades” erfasst — wird ergénzt durch situative Entscheidungen,
die sich sowohl aus den spezifischen Patientendaten als auch den technischen und organisatorischen
Voraussetzungen der Behandlung ergeben. Das Resultat sind Spezifikationen “klinischer Prozesse”, die in einer
formalen Notation vorliegen, die von einem Prozessmanagementsystem verarbeitet und zur Steuerung der
Behandlung im Interventionsraum dienen, wobei den beteiligten Akteuren (medizinisches und technisches
Personal) filir ihre aktuellen Aufgaben zugeschnittene Informationsangebote zusammengestellt werden. Die
Modellierung der klinischen Prozesse ist dariiber hinaus fiir eine optimale Ressourcennutzung erforderlich, die
eine Vorbedingung fiir den Einsatz der aufwéndigen molekularen Techniken in der Praxis ist. Daher wird das
Prozessmananagementsystem um Module fiir das Ressourcenmanagement, die optimale Planung der
Reihenfolge von anstehenden Behandlungen (“Scheduling”) und den Zugriff auf diverse Informationsquellen
(elektronische Patientenakte, Radiologie, Labor etc) erginzt. Weiterhin werden alle Prozessparameter wéhrend
der Durchfiihrung erfasst und in einem uniformen Format archiviert. Die Integration dieser Komponenten
resultiert in einer Prozessmanagementplattform fiir das Management klinischer Prozesse in der molekularen
Intervention, mit der die erforderlichen Ressourcen der diagnostischen und therapeutischen Verfahren
dynamisch koordiniert werden kdnnen.

Im Folgenden stellen wir die Ansédtze und Methoden zur Modellierung der klinischen Prozesse vor, die im
Projekt M?ProcIT (Mannheim Molecular Process Information Technology) eingesetzt werden. Das Projekt ist als
Querschnittsprojekt im Forschungscampus M2OLIE zustindig fiir die Bereitstellung einer Prozessplattform fiir
die molekulare Intervention.

2 Material und Methoden

Prozesse sind in unserem Kontext Abldufe, die als Folgen von seriellen und z.T. parallelen Arbeitsschritten
definiert werden. Diese Abldufe konnen in verschiedenen Aktivititsbereichen erfolgen, so sind administrative
Prozesse Modelle der Tatigkeiten der Krankenhausverwaltung, die z.B. die Patientenverwaltung von der
Aufnahme bis zur Entlassung und Nachsorge umfasst. Weitere administrative Prozesse betreffen die Logistik der
Ressourcen, wie z.B. Personalplanung, Raumplanung und Materialbeschaffung und -bevorratung.

Biologisch-medizinische Prozesse betreffen Aktivititen zur Untersuchung und Behandlung des Patienten, von
der Anamnese und Diagnose zur Behandlung. Ein solcher Prozess kann als (teilweise) Ausfithrung eines der
medizinischen Schritte des administrativen Prozesses angesehen werden, der den Krankenhausaufenthalt eines
Patienten strukturiert. So ist z.B. ein Biopsie-Prozess ein moglicher Teil der Ausfiihrung des Diagnoseschrittes.
Technische Prozesse betreffen mit (semi-) autonomen Gerédten durchgefiihrte Eingriffe, die wiederum als
Teilprozesse der biologisch-medizinischen Prozesse durchgefiihrt werden.

Eine exakte Beschreibung der Prozesse ist die Voraussetzung der weitergehenden informationstechnischen
Nutzung und Bearbeitung der Prozesse. Zur Modellierung von Prozessen gibt es eine Reihe von (semi-)
formalen Beschreibungssprachen. In Abhéngigkeit vom gewihlten Abstraktionsgrad der Modellierung und der
ihrer Zielsetzung stehen verschiedene Methoden zur Auswahl. Die Abhédngigkeiten zwischen Entscheidungen
wiahrend der Durchfithrung des Prozesses werden mittels Entscheidungsbdaumen oder Klinischen Pfaden [2]
dargestellt. Die Dynamik der Prozessausfiihrung kann durch Petrinetz-Modelle[3] analysiert werden, in denen
verschiedenen Zustinden des Prozesses Knoten eines Netzwerks zugeordnet sind. Aktive Zustdnde sind durch
zugeordnete ,, Token* gekennzeichnet, ein Folgezustand wird erreicht, wenn alle Voraussetzungen erfiillt sind,
d.h. die Vorgingerzustinde alle mit Token belegt sind. Durch die Analyse dieser Struktur (oder einer
Simulation der Tokenverschiebungen) kdnnen Defizite in der Modellierung, z.B. Engpisse, oder wegen
inkonsistenten Eingangsbedingungen nicht erreichbare Teilprozesse, bereits in der Modellierungsphase erkannt
werden.

Zur computergestiitzten Durchfiihrung benétigt man neben einem formalen Modell des Prozesses, seiner
Teilaktivititen und ihrer Beziehungen zueinander eine Plattform, die das Modell interpretiert, die Schritte der
Prozessausfithrung vorgibt, den Beteiligten Alternativen zur Auswahl stellt, die dafiir benétigten Daten
bereitstellt, den Prozess gemdB3 den Entscheidungen der Akteure fortfithrt und die Prozessparameter laufend
erfasst und protokolliert. Solche Systeme sind seit langer Zeit im Einsatz, um Geschiftsprozesse zu
strukturieren und deren Ablauf zu steuern. In diesem Bereich gibt es eine normierte
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Prozessmodellierungsprache, die Business-Process-Management-Notation (BPMN), fiir die eine Reihe von
Ausfiihrungsplattformen am Markt verfiigbar ist[4].

In der letzten Dekade wurde der Prozessansatz zunichst in der amerikanischen Literatur diskutiert (vgl. z.B. [5]).
Erste Entwicklungen in Deutschland legten den Schwerpunkt auf Vereinheitlichung und Integration der
Ablaufe[6]. Spitere Projekte erweiterten den Fokus um eine situationsaddquate Présentation von Patientendaten
[7]. Aktuelle Projekte streben die Kombination relevanter Daten aus der Patientenakte mit wéhrend der
Intervention erhobenen Bilddaten an, um das OP-Team optimal zu unterstiitzen [8]. In M?OLIE dient die
dynamische Bildgebung dariiber hinaus zur Steuerung und Kontrolle der roboterbasierten Nadelplatzierung.

Ein wichtiger Aspekt der klinischen Prozesse sind die benotigten Ressourcen. Dies sind sowohl dem Prozess
zugeordnete Personen und Réume als auch die technische Ausstattung des Interventionsraumes. Diese
Ressourcen werden in einem der Plattform zugehorigen Ressourcenmanager verwaltet, der zu jeder
Ressourcenart die vorhandenen, die bereits eingesetzten oder verplanten und die noch verfligbaren Quantitéten
ermittelt. Die Reprisentation der Ressourcen erfolgt als Klassen in einer Ressourcenontologie (vgl. [9]), die aus
den initialen Modellen der klinischen Prozesse der molekularen Intervention abgeleitet wurde. Verschiedenen
Ressourcenarten werden durch ihre unterschiedlichen Attribute differenziert, sie werden aber in einem
einheitlichen Format darstellt. So sind begriffliche Beziehungen zwischen Ressourcenklassen aus dem Modell
ableitbar, und das Ressourcenmodell kann durch Hinzufiigen neuer Klassen mit differenzierten Attributen
erginzt werden (vgl. Abb.2).

Abbildung 2: Darstellung des Artis Zeego in der Ressourcenontologie

Die Verfiigbarkeit von Ressourcen bestimmt die Ausfiihrbarkeit von klinischen Prozessen, so kann mit dem
Ressourcenmanagement festgestellt werden, ob fiir einen geplanten Prozess in einem Zeitfenster die Ressourcen
gegeben sind (Ressourcenmanagement) und in welcher Reihenfolge die Prozesse (teilweise parallel) auszufithren
sind, um eine gute Auslastung der Ressourcen zu gewéhrleisten.

Ein weiterer Schwerpunkt des Projektes M?ProclT liegt in der Informationsbereitstellung fiir die Akteure in
klinischen Prozessen. Hierzu werden die Informationsbedarfe der Beteiligten in jeder Phase des Prozesses erfasst
und entsprechende Schnittstellen in HTMLS definiert, der Datenabruf erfolgt iiber HL7 und DICOM
Schnittstellen zu den angeschlossenen klinischen Informationssystemen.

Die Architektur der Prozessplattform ist in der Abb. 3 dargestellt. Die Basis des Prozessmanagers ist ein
Business Process Manager der Fa. IBM. Dieses System wird durch den M2OLIE-Prozessmanager erweitert, der
einerseits vorhandene Datenhaltungssysteme des Krankenhauses einbindet (bspw.
Krankenhausinformationssysteme KIS) und andererseits die Prozessinteraktion iiber graphische
Bedienschnittstellen (,,Benutzerclients®) realisiert. Weiterhin sind dem Prozessmanager Komponenten zur
Ressourcenverwaltung sowie der Ablaufplanung beiseite gestellt.

Business Process
Manager

M?OLIE
Prozessmanager

Benutzerclients

Ressourcen-
management
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Abbildung 3: Softwarearchitektur der Prozessplattform und ihrer Komponenten.

Bei der Ausfiihrung der Prozesse insbesondere im Interventionsraum koénnen vielfdltige Prozessparameter
erhoben werden, die den Ablauf dokumentieren und somit eine Basis fiir eine Qualitédtskontrolle darstellen, aber
auch zur spéteren Prozessoptimierung herangezogen werden koénnen. Um die Archivfunktion zu gewéhrleisten
und die nachfolgende Analyse zu ermdglichen, ist es notwendig, die vielféltigen Datentypen zu integrieren. Im
Projekt M2ProclT nutzen wir dazu einen Ansatz, der in einem weiteren Projekt gemeinsam mit der QIT GmbH
entwickelt wurde.

Das Verfahren erfasst verschiedene Datenstrome aus dem Interventionsraum — von den Eingaben der
Prozessbeteiligten (Mediziner, MTAs, Techniker usw.), den bildgebenden Verfahren, bis zu Sensordaten und
Verlaufsdaten der technischen Gerdte — in Logfiles, aus denen DICOM-Objekte erzeugt werden, die in einem
geeigneten Archivsystem gespeichert werden konnen. Dazu wurden im Projekt neue DICOM-Klassen
spezifiziert, die z.B. den zeitlichen Verlauf von Sensordaten der Roboter reprisentieren, und eine Speicherung in
einem PACS der QIT GmbH experimentell durchgefiihrt, das den erweiterten DICOM-Standard unterstiitzt (vgl.

Abb. 4).

Abbildung 4: Erfassung von Prozessparametern in DICOM-Objekten

3 Ergebnisse

Erste Modelle der Teilprozesse des Molekularen Interventionsprozesses wurden vom Projektpartner Unversitét
Mannheim in Kooperation mit Onkologen der Universititsmedizin Mannheim (UMM) konzipiert und in
Petrinetzmodelle iberfithrt[3]. Fiir die Ausfilhrung im Prozessmanager wurden hieraus BPMN-Modelle
abgeleitet, die auch die bendtigten Ressourcen erfassen und parallel ausfiihrbare Schritte koordinieren, so dass
seine Fortfiihrung des Prozesses nach Abschluss aller dieser Teilaktivititen erfolgen kann. Insgesamt liegen
ca.l5 Prozessmodelle vor, die unterschiedliche Phasen der Closed-Loop spezifizieren, von der Aufnahme des
Patienten und der Diagnostik bis zur Therapie (z.B. IORT).

Die Komponenten der Prozessplattform wurden prototypisch entwickelt und werden zur Zeit fiir praklinische
Tests im Interventionsraum installiert. Dabei werden zunichst robotergestiitzte Verfahren fiir die
Biopsieentnahme und radiologische Interventionen implementiert. Abb. 5 illustriert das Szenario der
Biopsieentnahme: Die Nadel ist auf dem Roboterarm montiert, der Roboter platziert die Nadel autonom in der
geplanten Position. In einer préklinischen Studie fiir 13 verschiedene Nadelpositionen wurden
Winkelabweichungen von unter 1° und Zielprizisionswerte von weniger als 4mm mit einer 15cm_Nadel
gemessen[ 10]. Der Operateur fiihrt dann die Nadel zum Tumorgewebe, wobei die Navigation durch Aufnhahmen
mit dem Artis Zeego unterstiitzt werden kann, um die aktuelle Lage der Nadelspitze im Gewebe zu iiberpriifen.
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Erste Experimente zeigten, dass Cone-beam Computed Tomographie im Vergleich zu einem Multi-Detector-
Computed-Tomograph-Ansatz bei vergleichbar Prazision Geschwindigkeitsvorteile bietet [11].

Abbildung 5: Positionierung der Biopsienadel durch den Roboterarm

Der Biopsie-Prozess ist als ausfithrbares BPMN-Modell spezifiziert (Abb.6 zeigt ein kleines Fragment der
Struktur). Elementare Aktionen werden als Knoten (Rechtecke) im Graph dargestellt, die mit Verzweigungs-
und Entscheidungsknoten durch Kanten verbunden sind. Alternative Aktionen (z.B. Initiilerung mit/ohne
Andésthesie) und parallele Aktionen (Entnahme Bioptat, Unterstiitzung der Entnahme) werden auf dezidierten
Ebenen (sog. Swim lines) angeordnet, die jeweils einem Akteur (oder einer Gruppe von Akteuren) zugeordnet
sind.

Abbildung 6: Fragment des BPMN-Modells des Biopsieprozesses

Der Prozessmanager nutzt dieses Modell zur Bereitstellung der notwendigen Informationen, die die Akteure zur
Barbeitung ihrer aktuellen Aufgabe bendtigen, und stellt sicher, dass alle Teilaktionen ordnungsgeméss
abgeschlossen sind, bevor der néchste Schritt erfolgt. Im medizinischen Kontext ist immer die Moglichkeit
gegeben, von dem geplanten Ablauf abzuweichen (etwa infolge einer Verschlechterung der Vitalwerte oder einer
Blutung), so dass die Schnittstelle des Interventionsraumportals auch die Option bietet, alternative Schritte
durchzufithren. Der so ad-hoc entstehende Prozess wird vom System archiviert und kann spéter in einer
Analysephase zu neuen Erkenntnissen fiihren und die Prozessoptimierung unterstiitzen.
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4 Diskussion

Das Konzept der Modellierung klinischer Prozesse ermdglicht die Koordination der komplexen Techniken der
molekularen Intervention in flexibler Weise. Eine dynamische Zuordnung von Ressourcen leistet einen
entscheidenden Beitrag zur Wirtschaftlichkeit des Ansatzes.

Eine Anderung oder Anpassung der Modelle aufgrund der Analyse realer Ausfiihrungen und der Auswertung der
dabei angefallenen Prozessdaten ist ein weiterer Vorteil des Ansatzes. Es ist geplant, die Datenbasis systematisch
auf alle Bereiche der molekularen Intervention auszudehnen, um neben den konkreten Verlaufsdaten der Ad-hoc
Prozesse auch die zugehdrigen Ergebnisse aus Teilprozessen der Laboranalyse und der Bildgebung als Basis
einer Prozessoptimierung zu nutzen. Hierzu sollen teilautomatisierte Verfahren des Process Mining genutzt
werden.

Auch die technische Weiterentwicklung der molekularen Intervention ist durch die modulare Struktur der
Prozessplattform antizipiert, die normierten Schnittstellen erlauben die Integration weiterer Diagnose- und
Therapietechniken, Informationsquellen und Endgeréte.

5 Zusammenfassung

Dieser Beitrag skizziert die informationstechnischen Ansdtze, die dazu beitragen, das im Forschungscampus
M?OLIE angestrebte Ziel einer hocheffizienten minimal-invasiven molekularen Intervention bei oligo-
metastasierten Patienten zu erreichen. Die klinischen Prozesse werden als ausfiihrbare Konstrukte explizit
modelliert und von einer Prozessmanagementplattform gesteuert, die mit den beteiligten Akteuren im
Interventiosraum interagiert, situationsaddquate Informationen bereitstellt und alle relevanten Prozessparameter
erhebt und archiviert.

Danksagung

Das Projekt MZ?ProcIT wird als Querschnittsprojekt im Forschungscampus M?OLIE unter dem
Forderkennzeichen 13GWO0093A gefordert, die Kooperation mit der QIT GmbH vom EU Network EIT Health
mit einem Startup-Projekt unterstiitzt.

Referenzen

[1 “Forschungscampus M°OLIE.” [Online]. Link: http://www.m2olie.de. [Zugriff: 30.05.2018].

[2] Schwarzbach, Matthias; Ronellenfitsch, Ulrich, Klinikpfade in der Chirurgie: Ein Instrument fiir den
Routinebetrieb?, Dtsch Arztebl, 105(47): A-2512/ B 2135 /C 2059 (2008)

[3] Hubert, Simon, Modeling and Dynamic Analysis of a Molecular Intervention Process for the Treatment
of Oligometastases, Masterthesis, Mannheim University (2013)

[4]  Allweyer, T., BPMN 2.0 — Introduction to the Standard for Business Process Modeling, Norderstedt
Books on Demand, 2. iiberarbeitete Auflage, 2016.

[5] Walker, J. M.; Carayon, P., From Tasks to Processes: The Case for Changing Health Information
Technology To Improve Health Care. Health Affairs 28, No.2 (2009): 467-477

[6]  Scharnetzke, Marco, Clinical BPM — Prozessmanagement zur Steigerung der Wirtschaftlichkeit in
Krankenhdusern. INUBIUM Das Kundenmagazin der Inubit AG, 2010, No. 07:4-7

[71  Meier, J. et al., Design and Evaluation of a Multimedia Electronic Patient Record “Oncoflow” with
Clinical Workflow Assistance for Head and Neck Tumor Therapy. Int J CARS (2014) 9:949-965
[8]  “OP 4.1” [Online]. Link: https://www.op41.de/ [Zugriff: 25.07.2018].

[91 Fadel, F.G. et al., 4 Generic Enterprise Resource Ontology, Proceedings of the third IEEE Workshop on
Enabling Technologies: Infrastructure for Collaborative Enterprises, April 1994, Morgantown, West
Virginia (WET ICE ‘94)

[10] Paetz T. et al., An Ex-vivo Study on Needle Placement Accuracy of a Pre-clinical Robotic Guidance
System. JVIR Vol. 28, Issue 2, Suppl., Feb. 2017, p. S197

[11] Kostrzewa, M. et al., Accuracy of Percutaneous Sofi-tissue Interventios Using a Multi-axis, C-arm CT
System and 3D Laser Guidance. Eur J Radiol 84 (2015):1970-1975




CURAC 2018

PROMIS - Standardized Modelling of Surgical Procedures in
Minimally Invasive Surgery for Open Datasets in Surgical Data
Science

M. WagnerI, L.B. Raedeker!, S. Bodenstedt’, S. Speidelz, B.P Miiller!, H.G. Kenngott1

'Department of General, Visceral and Transplant Surgery, Heidelberg University Hospital,
Heidelberg, Germany
’National Center for Tumor Diseases, Translational Surgical Oncology, Dresden, Germany

contact: hannes.kenngott@med.uni-heidelberg.de

Abstract

Availability of Open datasets is crucial for the development of research in machine learning and artificial
intelligence. However, in surgery there is a lack in both, high quality data sets as well as standardization of
procedures concerning the annotation of the data. Thus the very few existing open datasets cannot be processed
mutually. To address this need, we are developing a model for standardized annotation of common surgical
workflows in laparoscopic operations.

Keywords: Surgical Data Science, Context-aware information systems, Laparoscopic surgery, Open Science,
Machine learning

1 Problem

Artificial intelligence and machine learning brought numerous technological advances to consumers such as
voice recognition or autonomous driving. Here, vast amounts of data are created and processed. In surgery,
surgical data can be used for the analysis and prediction of workflows for intelligent assisting systems [1]. In the
near future, learning cognitive systems could be developed based upon this data that drive autonomous surgical
robots or predict the surgeons need for specific assistance at any specific time during an operation [2].

Up until now, there has been the attempt to create a standardized set of terms, but only to descripe a limited
number of workflows [3]. Thus the few existing data-sets [4, 5] cannot be annotated and therefore not processed
in a standardized manner.

Here we introduce our attempt of creating a standardized modelling for annotation applicable for a wide range of
surgical procedures as a foundation for the creation of open datasets to advance surgical data science.

2 Material and Methods

As a first step, a list of the 13 most relevant surgical procedures was defined. Laparoscopic videos of these
operations were then captured within the Heidelberg University hospital. A workflow template was designed to
ensure the best possible comprehensibility of provided data.

On this basis, a greath bandwith of recommended procedures for performing a laparoscopic surgery was
researched using surgical textbooks, online databases such as “Touch Surgery” [6] as well as published research
articles. The knowledge sources were researched for the standard workflow of the proposed procedure as well as
possible deviations and complications. In addition we collected hints for the inexperienced surgeons.

An experienced clinician who did not participate in the surgery of our videos then oversaw the list and was
involved in creating an optimized and standardized workflow. Similar tasks were arranged in “bags of tasks”,
other steps were listed in the necessary order.

In the second part of our aproach, we developed a set ot annotation rules upon the defined workflow to allow for
reproducability of workflow annotations. The respective laparoscopic video for each procedure was then revied
upon these and annotated accordingly.

Third, using the workflow and the gathered laparoscopic videos, we then created an educational video in German
and English language with the purpose of establishing our workflow annotation rules and educating future
surgeons.
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3 Results

Up until now we were able to produce an in-depth comparison of existing procedures for laparoscopic
cholecystectomy, comparing 9 different workflows. Using this, we’ve established a standardized workflow on
our own, specifically designed for the use in open datasets.

The standardized workflow was produced as an educational video subdivided into the following sections: (1)
Ports, (2) Patient positioning and (3) Positioning of surgeon, assistant, nurse and monitors. The operations itself
comprised (4) defined steps, (5) phases/bag of tasks (6) important activities (7) additional hints.

Additionally, we added information about (8) instruments used, (9) definition of start and end of phase, (10)
anatomical structures involved and (11) important complications

We then applied this set of annotation rules to an example video of a laparoscopic cholecystectomy.

Beside the cholecystectomy, we are currently working on further surgical procedures such as sigmoidectomy for
diverticulitis, rectal resection for cancer and proctocolectomy in chronic inflammatory bowel disease.

4 Discussion

The goal of our work was to define universal models of surgical workflows for the use with open Dataset,
especially for annotation of workflows in laparoscopic videos. We succeded in creating a model template and
accomplished applying it for a first standard procedure. The usability was ensured by annotating a demonstration
video. Furthermore, we were able to create an corresponding educational video and a set of standardized
annotation rules. In the future we will integrate our models into LapOntoSPM and the standards of the
OntoSPM-collaboration [7]. Also, we will have to apply the workflow annotation to a larger set of laparoscopic
videos to analyse inter- and intra-observer variance of our annotation models.

At this point of work, we would highly value the input and needs of the CURAC-community in order to advance
the research in open and shared surgical workflow models.

5 Conclusion and References

Our approach of creating standardized surgical workflows for the annotation of datasets is a foundation for the
further development of enhanced machine learning used during surgical operations.
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Abstract

The established optical surgical navigation systems require training and experience for the registration process
and the overall optical marker setup. The use of these complex technologies is time-consuming and often error-
prone.

The BIOPASS project develops a novel localization approach for markerless navigation systems based on process
and image databases of learned surgical procedures to intra-operatively identify anatomical landmarks and risk
structures. In order to recognize anatomical structures visible in the endoscopic images, several classification
algorithms were integrated into the system's architecture.

We present the Annotation Configuration Ontology (ACO) and the software tool SWEConfigGen, which allow the
annotation of endoscopic images using ontological concepts. Two external ontologies FMA and VCO were
successfully integrated and used for annotating 30 video recordings of ENT procedures. This domain knowledge
was utilized to train the system's classifiers developed in the BIOPASS project.

Keywords: Minimally-invasive surgery, Endoscopic images, Annotation, Ontology, Classification

1 Problem

Minimally-invasive surgical procedures offer numerous advantages for the patients, e.g., reduced access trauma,
faster recovery and shorter periods for in-patient stays and rehabilitation. The special challenges for the surgeon
are orientation and navigation without a direct view of the surgical area as well as the guidance of instruments
with limited hand-eye coordination by looking at images provided by the endoscope. The established optical
surgical navigation systems require training and experience for the registration process and the overall optical
marker setup. The use of these complex technologies is time-consuming and often error-prone.

The BIOPASS project [1] develops a novel localization approach for markerless navigation systems based on
process and image databases of learned surgical procedures to intra-operatively identify anatomical landmarks and
risk structures. In order to recognize anatomical structures visible in the endoscopic images, several classification
algorithms were integrated into the system's architecture. Additional information is provided by sensors developed
in this project to further enrich the classifier data. An introduction of the project is given in [2]. Further ontology-
based components developed in the project are presented in [3,4].

This work focusses on the creation of training data for the system's classifiers by the annotation of existing video
recordings of surgical interventions. We present the Annotation Configuration Ontology (ACO) and the software
tool SWEConfigGen, which allow the use of ontology concepts for the annotation.

2 Material and Methods

The necessary domain knowledge is specified by experts in form of annotations of existing videos and functions
as training data for the system's classifiers. Not only the anatomical structures that are visible in the videos, but
also descriptions of the operating procedures (e.g., activities of the surgeons or instruments) had to be annotated.
Same goes for the various types of image properties (e.g., the brightness and hue values). These annotations needed
to be created using a controlled vocabulary (ontology), which enables a unified internal communication within the
system.
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To allow the annotation of endoscopic images with ontology concepts, the Surgical Workflow Editor [5] was used.
The Surgical Workflow Editor is ideal to create and visualize a taxonomy of annotation concepts. However, the
tool does not support the integration of external ontologies or terminologies without additional manual effort. To
solve this problem, we developed the Annotation Configuration Ontology (ACO) and the SWEConfigGen, an
ACO-based plug-in for the ontology editor Protégé [6]. The tool enables domain experts to load arbitrary
ontologies into the Surgical Workflow Editor and use them for annotations.

When configuring the Surgical Workflow Editor (including the specification of annotation concepts), a
configuration file is created in XML format. Our idea was to generate such configuration files including the
integration of ontologies using an ontology-based software tool.

2.1 Annotation Configuration Ontology (ACO)

The Annotation Configuration Ontology is based on the XML structure of the configuration files of Surgical
Workflow Editor and was implemented in the Web Ontology Language (OWL) [7]. The ACO contains concepts
representing certain XML tags, e.g., <itemType>, <actors> or <relations>. The concept itemType plays a central
role in the integration of concepts contained in ontologies that have to be used for annotation. These concepts have
to be set as subclasses of itemType. If not the entire ontology, but only its subtree has to be utilized for the
annotation, it is possible to specify the desired taxonomy depth with the annotation property taxonomy_depth as
shown in Figure 1.

Asserted ~| Annotations

¥ @ owl:Thing taxonomy_depth  [type: xsd:integer]
B @ 'Anatomical entity’ 3
v XML

v actors
itemType
- Action
b @ "Anterior ethmoidal artery’
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‘External surface of cranial base’
"Maxillary sinus orifice’
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‘Middle nasal meatus’
'Nasal meatus’
"Orbital plate of ethmoid’
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Figure 1: Screenshot of Protégé showing ACO with integrated FMA and VCO concepts

2.2 SWEConfigGen: The Tool for Generating Configuration Files of Surgical
Workflow Editor

The tool for generating configuration files of the Surgical Workflow Editor, and integrating external ontologies
(SWEConfigGen) is designed and developed as a Protégé plug-in according to the three ontology method [8]. This
method for developing software is based on the interactions of three different kinds of ontologies: a task ontology
(TO), a domain ontology (DO) and a top-level ontology (TLO). The TO is an ontology for the general problem
that the software is intended to solve. The DO provides the domain-specific knowledge, whereas the TLO
integrates the TO and the DO and is used as the foundation of them. The TLO also provides means for integrating
data from different domains.

In our case, the ACO functions as a TO. It describes the XML structure of the configuration files of Surgical
Workflow Editor and enables to integrate external ontologies. Thus, the ACO can help to solve the problem of
generating such configuration files containing concepts from desired ontologies that have to be used for annotation.
To describe the required domain-specific knowledge, we utilized, e.g., the Foundational Model of Anatomy (FMA)
[9] and the Visual Concept Ontology (VCO) [10] as DOs. For integrating the TO and the DOs we used the General
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Formal Ontology (GFO) [11,12] as TLO (for the sake of simplicity, the GFO is not shown in the figure and is not
described in this paper).

The SWEConfigGen implements the access to classes and properties of the ACO but it does not know the DOs
embedded in the ACO. The tool uses the TO as an interface to access the DO entities. For example, the
SWEConfigGen obtains access to the root concepts of integrated domain ontologies (e.g., FMA Concept and
Image Feature) by querying the subclasses of itemType. Then, the tool navigates through the taxonomy
downwards and fetches the desired concepts.

3 Results

To allow an easy adaption to other systems, we decided to use external ontologies as our controlled vocabulary.
Moreover, we profited from the soundness of their taxonomies and improved the quality of our created data
streams. Up to now, two ontologies were successfully integrated, namely the Foundational Model of Anatomy
(FMA) and the Visual Concept Ontology (VCO). Both ontologies were used to annotate video recordings of
surgical interventions.

FMA models anatomical structures of biological organism and describes the relations between them. We specified
FMA concepts that are able to function as anatomical landmarks and as surgical risk structures in Functional
Endoscopic Sinus Surgery (FESS). VCO is used to visually describe the processed video images. The ontology is
subdivided into three partitions, i.e., texture concepts, color concepts and spatial concepts. Both ontologies are
used in the internal communication of our system, such that a web service will receive the notification of an
identified anatomical structure represented by its corresponding concept in FMA. Analogously, the image
properties of an endoscopic image are encoded with the help of VCO. Moreover, if FMA and VCO turn out to be
not expressive enough for the use case of minimally-invasive surgery, we can augment ACO with additional
ontologies.

The annotation process was performed on 30 video recordings of FESS procedures. The concepts of external
ontologies were successfully integrated and annotated in the videos (Figure 2).
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Figure 2: Surgical Workflow Editor with integrated FMA concepts
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4 Discussion

Ontologies are widely used in biological and biomedical research. According to [13], their success is based on the
combination of four main features found in almost all ontologies:

Providing standard identifiers for classes and relations

Providing a vocabulary for a domain

Providing metadata describing the meaning of the classes and relations
4. Providing machine-readable axioms and definitions

bl e

Each of these features enables various applications in the fields of data integration, data access, and analysis, but
the combination of these four features can additionally support the integrative analysis and interpretation of
multimodal data [13].

The use of ontologies can also support the incorporation of various types of features for multimodal learning and
classification [13,14]. The combination of information from text, images, videos, or structured data to improve
classification can be facilitated using ontologies. Relevant features from each type of information have to be
extracted and the results have to be represented by a single ontology combining the information used for training
of a classifier [13].

Similar to this approach, videos were annotated using ACO in the BIOPASS project. Hence, relevant concepts
from FMA and VCO were integrated with ACO to generate training data. This training data, including additional
sensor data, was used to train the classifiers developed during the project. In other words, the classifier’s algorithms
were trained based on surgical video recordings annotated with concepts from FMA and VCO. In live operation,
the BIOPASS system analyzes the current endoscopic images and suggests, inter alia, the recognized anatomical
structures in the terminology of FMA.

With relatively little effort, further standardized ontologies can be integrated with ACO in order to describe
additional aspects of the surgical interventions. Our solution allows the usage of a controlled vocabulary within
the overall system, a unified internal communication between its components, as well as an easy adaption to other
systems.

5 Conclusion

In this paper, we presented the Annotation Configuration Ontology (ACO) and the software tool SWEConfigGen,
which allow the annotation of endoscopic images using ontological concepts. Two external ontologies FMA and
VCO were successfully integrated and used for annotating 30 video recordings of FESS procedures. This domain
knowledge was utilized to train the system's classifiers developed in the BIOPASS project. The classifiers’ results
should help to intra-operatively identify anatomical landmarks and risk structures in the endoscopic images.
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Abstract

An optimization method is presented for sensor locations in respiratory motion prediction using external surface
fiducials/sensors to be used with the optical and electromagnetic tracking systems. The purpose of this work is to
propose a procedure that automatically identifies a sparse set of location combinations on the patient’s surface,
based on the placed 3D printed sensor-holders with the optimal prediction power for the internal tumor motion.
The method can automatically find optimal location combinations on the patient’s surface, based on automat-
ically determined external semsor-holder locations and serves a recommended list to place sensors for optimal
prediction of the single or multiple internal tumor motions. The method is validated on an artificial respiratory
phantom model. The external sensor-holders within a CT marker (fiducial) and internal markers(tumors) are
placed on/in the built phantom before treatment and a 4D-CT image with 11 different respiratory phases is
acquired. The locations of the surface markers and tumor/s are determined by a morphology-based algorithm
in the C'T images. The preoperative recommendation procedure for determining the optimal sensor locations to
be used in the real-time prediction phase is performed with the machine learning Gaussian Processes Regression
algorithm. The method is evaluated using RMSE that gives deviations between measured and predicted internal
marker trajectories. The average RMSE value is between 0.07 and 0.33 mm.

Keywords: Tumor Tracking, Respiratory Motion, Prediction, Optimization

1 Problem

The localization of the internal tumors or structures and the detection of respiratory organ or tumor movement
under certain therapies (radiation therapy, radiofrequency ablation, etc.) and real-time visualization of these
movements are an important concern in the safe and effective provision of precision radiotherapy, computer-
assisted tumor surgery and biopsy [1,5]. The information on the movements and tracking of the current
positions of targeted tumors, e.g. in prostate, liver, lung or soft tissue tumors are traditionally performed by
using abdominal compression, breath hold, respiratory gating, implanted radiation-impermeable markers and
real-time motion tracking of these markers with optical (OP)/electromagnetic(EM) tracker or over real-time
image processing of interventional 4D-CT, -MRI, and 3D /4D-ultrasound [6], [7]. Because of the difficulties with
respect to intraoperative complexity of these methods, there is currently no clinically established solution for
the reliable determination of respiratory movements of internal organs, tumors or soft tissues.

Specifically, in the real-time motion tracking of external sensors with OP or EM tracking systems, it is dif-
ficult to determine the optimal amount of sensors to be used and the exact placement locations of these sensors
on the patient’s surface in preoperative phase. The used surface markers are randomly distributed and placed
on the patient in the near region of a surgical area and all of them are used for respiratory motion prediction,
which can increase the error rate in the real-time prediction step.

2 Material and Methods

2.1 Phantom Respiratory System Model

To replicate the human respiratory system and to predict the motion based on the respiratory simulation,
a custom phantom model is built (Fig. 1). The main components consist of a standard rubber hot-water
bottle (replicates eg. abdominal region of human), a spherical rubber balloon (replicates a moving organ),
flexible silicone tube, water cannon, sensor-holders within CT skin markers (external) and skin markers or
retro-reflective balls (internal).
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Figure 1: Left: Respiratory model with the fived sensor-holders on it. Right: Interior view of the model during
an inhalation. The inside of the balloon (maz. inflation @ 120 cm) is brought out and a rubber band from both
ends at the body-neck transition and at the drip point of the balloon is glued, so that it stays in the middle of
the balloon if the outside brought in and inflated. The XSpot skin markers(@ 1.5 mm, on the rubber band and
on the inner wall) and sphere-shaped retro-reflective markers (o 12 mm, on the rubber band and on the inner
wall), which symbolize some tumors, are placed inside of the balloon. A flexible silicone tube (L 200 cm , @
20 mm) is used for inflating the balloon with the water cannon (82x5x15 c¢m) to perform an inhalation and
exhalation simulations of the respiratory model. The balloon is inserted in the hot-water bottle and fixed on the
neck of bottle.

2.2 Sensor Holders

Custom made sensor-holders are developed (Fig. 2), which helps to perform an offline prediction preoperatively,
without using real sensors or tracking system for the prediction and optimize the determination of sensor
locations. Based on the offline prediction results, the operator gets best possible sensor count and locations to
use in real-time prediction as recommended. In case of single or multiple tumor motion prediction, the operator
can change the locations of the sensors by taking out the sensor from one sensor-holder and replacing into the
other, according to the given recommendation list and perform intervention for the next selected tumor.

The sensor-holder consist of two parts:

Optical-Sensor-Holder: Main part. Contains within a XSpot CT marker in the center, which position is
determined in CT image space and holds the active IRED sensor (11x7x5 mm) of NDI Optotrak Certus tracker
during real-time prediction in intraoperative phase concentrically. They are attached to the phantom patient
preoperatively without sensors and used during interventional imaging.

Magnetic-Sensor-Holder: Contains one 5DOF sensor (L 8 mm , @ 0.6 mm) of the NDI Aurora tracking system
and fits in main part concentrically.

Figure 2: a) Two M2 screws that are placed from both directions to establish a rigid setup once an OP or EM
sensor is placed in the main part. b) The main part within a XSpot marker. It used in offline prediction step.
¢) The Magnetic-Sensor-Holder to fix the EM sensor in it. d) View of sensor-holder within an OP marker. ¢)
View of sensor-holder within an electromagnetic sensor. The parts a,c,d and e are intended for the real-time
prediction.
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2.3 Data Acquisition

To validate the optimization method with realistic clinical cases a 4D-CT scan of the phantom is acquired
in the following manner: The phantom model with 10 main sensor-holders on the surface within external
markers and 7 internal markers in the balloon is placed in CT device. A person has performed the respiration
(inhalation/exhalation) manually while standing behind the device and using a water cannon, which is physically
connected to the phantom model over flexible tube. For the 4D-CT a scanner in Univ. Clinic for Radiology
(Siemens healthcare Austria) in Medical Univ. of Innsbruck is used. The 4D-CT scan consists of 11 discrete
time steps of a breathing cycle. Each axial CT slice (512x512 px) has a thickness of 1.0 mm and 11 discrete
CT phases consist of 261 images with 0.488x0.488x0.488 mm pixel spacing.

2.4 Automatic Marker Detection

In order to learn the respiratory cycle of the patient from the observed CT images, where the optimal sensor
locations for prediction are determined, a regressor is trained to predict internal motion given this data. The
precise locations of external and internal fiducials in the CT image space are detected by a GPU accelerated
volumetric detection method [8].

For this purpose, each of 11 CT phases are thresholded and binarized to determine the centroid of the fiducials.
On the resulting image the 3D fiducials are filtered for spherical structures using morphological opening with a
spherical structuring ball element of the appropriate scale given the voxel size of the dataset and the physical
dimensions of the markers. Using a geometry filter on the resulting spherical blobs best candidates are selected
based on ellipticity and size. From the best candidates the blob centroids are calculated and stored to use in
prediction step (Fig. 3).

Figure 3: Top Left: Discrete chronological 3D movement positions of all external surface fiducials during
in-/exhalation over 11 time-steps (Time-step 1: Fully inhaled, Time-step 11: Fully exhaled). The location
coordinates are obtained by automatic marker detection. Bottom left: The positions of one external fiducial in
4D-CT image space. Movement positions of internal fiducials in top right and bottom right.
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2.5 Respiratory Motion Prediction with GPR

For the offline prediciton, a machine learning approach (Gaussian Process Regression) [9] with six different
kernel (covariance) functions are implemented and tested statistically. RBF, RBF + W, RQ, C * RBF, ESS
+ W and M, where RBF is radial basis function, W is white kernel, RQ is rational quadratic, C is constant
kernel, ESS is exp sine squared and M is matern kernel.

In the automatic marker detection prestored external and internal fiducial coordinates (each detected fiducial
contains 11 different positions in 3D Cartesian coordinate system in CT image space) for the 11 CT image
dataset are used respectively. The recommendation procedure to specify best sensor combinations and numbers
in our GPR implementation, first it reads every surface fiducial coordinates as input and internal fiducials
as target data. Secondly, based on the existing targets, the procedure creates a combined group with a user
defined tuple of input coordinates and tries to predict over those combination tuple the selected target with
every kernel function in an iterative loop. Thirdly, each combination member (input) is mapped to the target
and this mapping is used for the prediction.

To validate the prediction, the Leave One Out cross validation procedure (LOO) on the mapped data is applied.
The parameter optimization is performed automatically on 10 of the 11 3D data and then the performance of
the tuned algorithm is tested on the 11th input/target data. So, the 11th pair is the test set and the other 10
pairs are the training data for optimizing the free parameters of the GPR algorithm. This process is repeated
11 times, each time leaving out a different pair to use as the single test case.

As an outcome, the prediction results of each combination with given target are sorted and best sensor combi-
nations for all targets are found. Finally the operator becomes a recommendation sensor list for every target
to use for real-time prediction.

Since the respiration rate and regulation of breathing can be difficult in time, an over-fitting problem by the
prediction can come across. It occurs when GPR captures the noise in the data. Specifically, if the algorithm
shows low bias, but high variance. Over-fitting is often a result of an excessively complicated model, and it can
be prevented by fitting multiple additional data (Data Augmentation) and using validation or cross-validation
to compare their predictive accuracies on test data to get a reliably predictions in future.

To overcome this problem, we add random noisy data (Gaussian distributed) in the original input and target
data (raw data) by analyzing every three columns of 11 different positions of an input/target marker automat-
ically. The production of noisy data is based on the default raw data for every different marker and for every
different individual column of that marker in 3D coordinate space. The noisy data was not fixed and for each
run of algorithm 50 different noise in given limits (between min. and max. of individual columns) are generated.
When generating random data the mean of distribution y= 0.2 and standard deviation o= 0.200 is used.

3 Results

Table 1 represents the prediction results for the first 5 target markers in the balloon with automatically recom-
mended 3 surface marker combinations. Each input marker in the recommended triple tuple is processed with
the listed target respectively. The best RMSE is obtained from the RBF + W kernel with min. 0.07 mm for
target 1 and max. 0.33 mm for target 4 using recommended input fiducial combinations. All GPR predictions
are performed with a raw and noisy data for each input and target marker respectively.

The worst prediction RMSE is obtained from the ESS + W kernel covariance function for the same targets
using recommended input fiducials with min. 0.48 mm and max. 3.45 mm RMS after prediction using raw
data.
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Internal | Recomm. Used 4 Raw | # Noisy # R.':}w + | © Raw | ;4 Noisy I Ra.w +
Target Input Kernel Data Data Noisy Pred. Pred. Noisy
Marker Comb. Data RMS RMS Pred. RMS
8 0.07 0.05 0.06
1 7 0.07 0.04 0.05
2 0.07 0.08 0.06
8 RBF+WK 11x3 50x3 61x3 0.11 0.23 0.21
2 2 0.11 0.17 0.22
3 0.12 0.16 0.19
5 0.14 0.28 0.14
3 3 0.14 0.28 0.15
7 0.14 0.25 0.14
8 0.32 0.10 0.12
4 2 0.32 0.08 0.09
5 0.33 0.09 0.10
8 0.15 0.06 0.06
5 5 0.16 0.07 0.07
10 0.16 0.05 0.06

Table 1: Overview of the offline prediction results. The used kernel is configured with the length scale: 100.0,
length scale bounds: 1e-2, 1e83, moise level: 1 and noise level bounds: 1e-10, le+1. The Gaussian Process
Regressor is configured with normalized target value and the number of restarts of the optimizer for finding the
kernel parameters is set to 10. All RMSE values are in mm.

4 Discussion and Conclusion

In many treatments, where respiratory motion prediction and tracking is a necessary approach to apply, the
success of a treatment strongly depends on the accuracy of prediction, which is related to the detection and
placement of the external surface marker locations on the patient.

Therefore, the location and distribution of the sensors in e.g. external radiotherapy, needle biopsy, etc. is
important and challenging during real-time the tumor motion prediction. In the most clinical approaches,
the location of external markers is chosen empirically; that is, operator-dependent [10]. Within this work, we
examined that the distribution and selection of the best placement locations automatically and intelligently,
gives better prediction results with using less numbers of external sensors (at least 3) to use e.g. in the thorax
or abdominal regions. The proposed method is tested through a custom built respiratory phantom model to
provide the required dataset, which surrogates same breathing circle of a real patient [11] (Table 2).

To find the optimum placement locations of external markers onto phantom patient, the GPR was proposed,
which predicts the value of certain variables, based on measurements of other variables that parameterized by a
mean and covariance or kernel functions. Based on the results from the GPR prediction (Table 1), the regions
on the patient as optimum marker placement are determined.

Internal Target Marker | 1 2 3 4 5
3D Movements in mm | 9 | 659 | 621 | 405 | 1.8

x 6.44 | 17.6 | 16.57 | 3.1 | 1.97
Z 151 | 239 | 1.4 |-947 | 6.58

Table 2: The 3D positional movement variations of the internal target markers (marker centroids) from fully
ezhaled to fully inhaled time-steps after 4D-CT.

In this work, a method is presented to automatically determine the optimal locations of the external OP/EM
sensors on the patient’s surface to predict internal tumor motions. The preopertively determined optimal sensor
locations can be used in real-time tumor motion tracking using the sensors of NDI Optotrak Certus or NDI
Aurora tracking systems.

The experiments and evaluations on the built realistic respiratory phantom model have shown that by us-
ing our method, 3 surface sensors can be enough for a reliable prediction, based on the selected tumor inside
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the body. The experiments give also information the distributing of recommended sensors locations has a high
correlation between the surface motion and the internal tumor motion. With this procedure, EM or OP 3D
measurement technologies can be used for real-time prediction and it is suitable for use in the medical environ-
ment.

All processes in the preoperative phase respectively (placing sensor holders on the patient, performing CT scan,
visualizing patient data, performing automatic marker detection, performing offline GPR, removing unnecessary
sensor holders and placing sensors in sensor holders) will be evaluated in the future on the phantom model and
real-patients to validate the presented approach. For this, the OP or EM tracker will serve real-time sensor
data to be used as input for the real-time prediction in the intraoperative phase.
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Abstract

Optische Navigationssysteme weisen bisher eine eindeutige Trennung zwischen nachverfolgendem Gerdit (Tool
Tracker) und nachverfolgten Gerditen (Tracked Tools) auf. In dieser Arbeit wird ein neues Konzept vorgestellt,
dass diese Trennung aufhebt: Jedes Tracked Tool ist gleichzeitig auch Tool Tracker und besteht aus Marker-LEDs
sowie mindestens einer Kamera, mit deren Hilfe andere Tracker in Lage und Orientierung nachverfolgt wer-
den kénnen. Bei Verwendung von nur einer Kamera geschieht dies mittels Pose Estimation, ab zwei Kameras
werden die Marker-LEDs trianguliert. Diese Arbeit beinhaltet die Vorstellung des neuen Peer-To-Peer-Tracking-
Konzepts, einen sehr schnellen Pose-Estimation-Algorithmus fiir beliebig viele Marker sowie die Klirung der
Frage, ob die mit Pose Estimation erreichbare Genauigkeit vergleichbar mit der eines Stereo-Kamera-Systems
ist und den Anforderungen an die chirurgische Navigation gerecht wird.

Keywords: peer-to-peer navigation, pose estimation, tracking

1 Problemstellung

Optische Navigationssysteme sind bislang unterteilt in das nachverfolgende Gerit (Tool Tracker) und die nach-
verfolgten Gerite (Tracked Tools). Das nachverfolgende Gerit verwendet in der Regel wahlweise Zeilenkameras
(z. B. Stryker FP 6000) oder Flichenkameras (z. B. NDI Polaris), die nachverfolgten Geréte beinhalten Mar-
ker (LEDs, retroreflektierende Kugeln, Schwarz-Weifl-Marker), die mit den Kameras leicht nachverfolgt werden
konnen.

Das nachverfolgende Gerdt nimmt dabei eine zentrale Rolle ein, benotigt freie Sicht auf alle an den Objekten
befestigten Markern und muss daher in aller Regel aus groflerer Entfernung auf die komplette Szene blicken.
Dies ist insbesondere im Operationssaal oft problematisch, da der Operationssitus vom OP-Personal umstellt
ist. AuBlerdem resultiert aus der zentralisierten Grundstruktur, dass das System keinerlei Redundanz beinhaltet.
Die Relativtransformation zwischen Tracked Tool 1 und Tracked Tool 2 héingt von der freien Sicht des zentralen
Navigationsgeréts auf die beiden Objekte ab. Féllt eine der beiden Strecken aus, kann die Relativtransformation
nicht bestimmt werden.

Das hier vorgestellte neue Konzept eines Peer-to-Peer-Trackers hebt die grundsétzliche Trennung zwischen
nachverfolgendem und nachverfolgtem Gerit auf. Dieser Tracker ist so ausgepriigt, dass er von anderen Peers
leicht nachverfolgt werden kann, beinhaltet aber auch mindestens eine Kamera, mit deren Hilfe die Lage und
Orientierung weiterer Tracker bestimmt wird. Bei Verwendung einer Kamera erfolgt die Bestimmung der Trans-
formation durch Pose Estimation.

Fischler und Bolles [1] stellten 1981 einen Pose-Estimation-Algorithmus vor, der robust und iterativ die
Transformation eines bekannten Modells in einen Satz von Geraden berechnet. Heutzutage werden verbesserte
Algorithmen verwendet, die die Transformation von komplexeren Modellen mit mehr als drei Punkten berechnen
konnen. Dabei spielen Geschwindigkeit, Robustheit und Genauigkeit eine entscheidende Rolle. In dieser Arbeit
wird ein neuer, robuster, iterativer und dennoch sehr schneller Pose-Estimation-Algorithmus vorgestellt, der
ohne initiale Schitzung von Lage und Orientierung das globale Optimum findet.

In vielen Bereichen werden Verfahren zur Bestimmung der Lage und Orientierung von Objekten benétigt,
die kompakt, preiswert und schnell sind, jedoch keine zu grofien Einbufien in der Genauigkeit aufweisen. Einige
dieser Bereiche sind die Satellitennavigation, die Berechnung der Relativtransformation zwischen unbemannten
Luftfahrzeugen wie Quadrocoptern oder die Bestimmung der Relativtransformation zwischen chirurgischen
Instrumenten und der Anatomie des Patienten. Auch fiir Augmented-Reality-Anwendungen ist die Kenntnis der
Relativtransformation zwischen realen Objekten und der einblendenden Brille von entscheidender Bedeutung.

Teixeira et. al. [2] stellen in ihrer Arbeit eine Problemstellung vor, bei der Pose-Estimation mit LEDs
verwendet wird, um die Lage und Orientierung eines Quadrocopters im Raum zu ermitteln. Dabei wird darauf
verwiesen, dass auch in diesem Bereich eine kompakte und kostengiinstige Losung benotigt wird. Faessler et. al.
[3] nutzen ebenfalls Pose Estimation mit einer Kamera, wobei ein iterativer Algorithmus zum Einsatz kommt,
welcher als Startwert die Position der letzten Berechnung verwendet. Dies kann Folgefehler erzeugen, falls die
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Abbildung 1: Der entwickelte Peer-to-Peer-Tracker — Abbildung 2: Anwendungsfall fiir Biopsie mit Sonografie
mit sechs LEDs und drei Low-Cost-USB2-Kameras.  und zwei Peer-to-Peer-Trackern.

letzte Berechnung ein fehlerhaftes Ergebnis geliefert hat. Auch koénnte die Berechnungszeit bei einer schlecht
gewdhlten Startposition steigen oder nicht zum gewiinschten Ergebnis fiihren.

Die in dieser Arbeit vorgestellten Peer-to-Peer-Tracker bestehen aus mindestens einer Kamera und mindes-
tens vier Markern, wobei zur eindeutigen Identifizierung eines bestimmten Trackers mehr als die mindestens vier
notwendigen Marker-LEDs verbaut sind. Bei Verwendung einer Kamera erfolgt die Berechnung der Transfor-
mation mittels Pose-Estimation-Algorithmus, bei zwei oder mehr Kameras kann trianguliert werden. Dies fiihrt
mittels Point-to-Point-Matching zu noch genaueren Ergebnissen. Abbildung 1 zeigt den in dieser Arbeit verwen-
deten Tracker mit drei kostengiinstigen Kameras und sechs Marker-LEDs. Abbildung 2 zeigt einen méglichen
Anwendungsfall zum genauen Positionieren einer Biopsienadel relativ zu einer Ultraschallsonde.

Die Verwendung von Peer-to-Peer-Trackern hat mehrere Vorteile:

e Die Relativtransformation zwischen zwei Trackern wird in der Regel zwei Mal bestimmt. = Redundanz
und groflere Genauigkeit

e Ist die direkte Sicht eines Trackers auf den anderen versperrt, kann die Relativtransformation iiber einen
oder mehrere dritte Tracker bestimmt werden. = hohere Ausfallsicherheit

e Die Relativtransformation kann je nach Anzahl beteiligter Tracker zusétzlich iiber Umwege bestimmt
werden: 1 sieht 2 direkt, 1 sieht aber auch 3 und 3 sieht 2. = Transformation von 1 nach 2 redundant
bestimmt

e Uber den Aufbau von Transformationsketten kann auch die Relativtransformation zwischen Trackern
bestimmt werden, die sich grundsétzlich nicht sehen kénnen.

Von entscheidender Bedeutung ist die Tatsache, dass sehr giinstige, sehr einfache Kameras verwendet werden
konnen. Wichtig ist lediglich deren prézise Kalibrierung, die durch ein Verfahren gewéhrleistet ist, das ebenfalls
am Labor fiir Computerassistierte Medizin der Hochschule Offenburg entwickelt wurde [4].

Die Kosten eines Peer-to-Peer-Trackers sind bei Verwendung von Low-Cost-Kameras gering und er6ffnen
insbesondere in der computergestiitzten Chirurgie die Moglichkeit, Einwegprodukte zu konzipieren, wodurch
die Anforderung entfillt, dass die Tracker autoklavierbar bzw. sterilisierbar sind.

2 Material und Methoden

Im Zentrum der vorliegenden Arbeit steht die Frage, ob die Verwendung einer Kamera pro Beobachtungsrichtung
eines Peer-to-Peer-Trackers ausreichend ist, um die Genauigkeitsanforderung an ein chirurgisches Navigations-
system zu erfiillen. Die mittlere Abweichung am Tool Center Point (TCP) soll dabei nicht grofer als 1,5 mm sein,
wobei eine maximale Distanz von 200 mm zwischen TCP und Schwerpunkt der Marker festgelegt wurde. Bei
Verwendung einer Kamera ergibt sich die gesuchte Transformation mittels Pose Estimation bzw. Point-to-Line-
Matching. Hierfiir werden im Kamerabild die Zentren der LEDs bestimmt und iiber die Kamerakalibrierung die
zugehorigen Weltgeraden berechnet. Auf diese miissen nun die im Koordinatensystem des Trackers vermessenen
LED-Positionen abgebildet werden. In Kapitel 2.1 wird ein sehr schneller, iterativer Algorithmus présentiert,
der ohne Kenntnis eines Startwertes robust das gesuchte globale Minimum findet.
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2.1 Pose Estimation mittels Point-to-Line-Matching

Gegeben ist eine Menge von Geraden a; + s; - d; mit normierten Richtungsvektoren d; sowie eine Menge korre-
spondierender Punkte p; mit ¢ = 1... N. Gesucht sind die Rotationsmatrix R und der Translationsvektor T SO,
dass die Summe der quadrierten Abstéinde der transformierten Punkte R - p; + T zu den zugehorigen Geraden
minimal wird. Der Abstand ¢ eines Punktes p’ zu einer Geraden @ + s - d ist

c:‘ﬁ—(dT.E).ﬁlzlﬁ—(d-d”f).ﬁ‘:‘(E—d-dT).E

mit h = P — d. Somit muss folgende Funktion minimiert werden:
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Mit den Abkiirzungen ¢; = R - p; — d; und W; = E — dAz . JZT erhilt man
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Im Gegensatz zu R unterliegt T keinen Randbedingungen, weswegen die partielle Ableitung % unmittelbar
verschwinden muss:
of N |
A BT = > (E;»T+TT) W+ (cZTJrTT) W=) 2 (E;T+TT) Wi =0o" (4)
i=1 i=1
Transponieren und auflésen nach T ergibt
N N N
Wi T==>Wi-&; <« T=W"'> W-(@-R- (5)
i=1 i=1 i=1

wobei die Abkiirzung W = le\il W; eingefiihrt wurde. Mit @; = R-p; + T — @; und der einfach zu beweisenden
Identitit W7 - W; = W, lisst sich die zu minimierende Funktion f(R, T') auch folgendermaBen schreiben:

N N N
= 2 ~ . _ .
i=1 i=1 i=1
Es seien 0y, Wiz und w3 die Spaltenvektoren der Matrizen W;. Unter Ausnutzen von d, + d7, + di, = 1 lisst

sich leicht zeigen, dass die niitzliche Identitit W; = Z?Zl Wyj - wfj gilt. Eingesetzt in Gleichung (6) ergibt sich

N
PR =N al Yy -al | ca =3l wy - dla =YY (@) (7)

Nun kann 7' aus Gleichung (5) in Gleichung (7) eingesetzt werden und man erhilt, die zu optimierende Funktion
f, die nun nur noch von R abhéngt:

N 3 N 2
f(R)ZZ(@%-(R@&6i+W1-ZWk'(6kR~fk)>> 8)
; k=1
Mit den Abkiirzungen 77;-Tjk = u_)';-*g WL W, und kij = u_)';-*g . (W‘l . Zgzl Wy - dy — é’i) ldsst sich die in folgender
Form schreiben:

N 3 N 2
f(R)—ZZ(@Tj-R-fiZﬁ£k~R~fk+kij> (9)
i=1 j=1 k=1

Es sei ¢7 = (qO ql q2 q3) das zur Rotationsmatrix R gehorende Einheitsquaternion mit

R+E -3 -G 2 (12— qq) 2 (€193 + 90g2)
R=1{ 2 (q192 + q0g3) qg - Q% + q% - ‘I% 2 (g293 — 9oq1) (10)
2 (q1q3 — 90q2) 2 (a3 +qoq1) @ — @ — a3+
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Ein beliebiger Ausdruck der Form @’ - R - ¢ lisst sich immer in der Form ¢7 - B(@, €) - ¢ schreiben mit

QgCx + AyCy + GzC, QCy — AyC, AyCy — AyCy QyCy — Az Cy
B(Ei, 5,) _ QzCy — QyC, QAzCqp — AyCy — Az Cy Az Cy + AyCy ArCy + Q,Cy (11)
Ay Cy — AyCy QAzCy + QyCy AyCy — QgzCyp — A Cy AyC, + A, Cy
QAyCq — AgzCy AzpCy + Q,Cqy AyC, + A, Cy AzCy — AzCqy — AyCy

Eingesetzt in Gleichung (9) ergibt sich somit die finale Version der zu optimierenden Funktion:

N 3
_, . 2
f(@ZZZ(qT'Bij'Q+/€ij) (12)
i=1 j=1
Hier wurden die symmetrischen Matrizen B;; = B (1[1’3;-, ;) — Eszl B (ﬁ?;k, Z),) eingefiihrt.

Optimierung

Gleichung (12) muss unter der Nebenbedingung ¢7 - ¢ = 1 optimiert werden, da ¢ normiert ist. Der Lagrange-
Formalismus liefert die zu optimierende Funktion

F(@@N =)

i=1j

(@ Biy - G+ kig)” + A (@7 1) (13)

3
=1

wobei die ersten Ableitungen von F(g, A) verschwinden miissen:

N 3

or . q " 1=

87@((1’)\) = 2)"Q+ZZ4‘(qT’Bij'(I"‘kij)’Bij'q:O (14)
=1 j=1 >

or - !

(@Y = @ d-1=0 (15)

Dieses nichtlineare Gleichungssystem kann mittels Lagrange-Newton-Iteration gelost werden:

_)new _'o AG . . Ad N .
(;]\new> - <;]\Ollj) o (Ai) mit HF(Qold, >\01d) : <A;]\) = VF(qold, )\old) (16)
Die ersten Ableitungen von F(¢, \) sind schon bekannt (siehe Gleichung (14) und (15)) und man erhilt
VF(,)) = (QA KA Nl hij) (17)
@+ +q9+q;—1

mit der fiir die Implementierung niitzlichen Abkiirzung ﬁij = (hijO hiji hijo hij3)T = B;; - ¢. Die Hesse-
Matrix Hp(q,A) der zweiten Ableitungen von F(q, A) ist symmetrisch und man erhélt

Hy % * *
H10 H11 * *

* X X ¥

HF((j, )\) = H20 H21 H22 * (18)
Hsy Hz1 Hszs Hss
20 2¢1 2¢2 2¢3 0.0
mit
O*F N2
Hy = 78(]149(]1 =2\ 0 + Z 24 . (2 . hijl . hijk + v;j Bijkl) (19)

i=1 j=1

wobei es sich bei d;; um das Kronecker-Delta handelt und B;ji; das Element in der k-ten Zeile und j-ten Spalte
der Matrix B;; ist.
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Startwert der Iteration

Von entscheidender Bedeutung fiir die oben beschriebene Optimierung ist ein geeigneter Startwert fiir die
Rotationsmatrix R bzw. das Quaternion ¢, um tatséchlich das globale Minimum und nicht nur ein lokales zu
finden. Den Autoren war es wichtig, hier nicht auf vorherige Berechnungen der Rotationsmatrix als Schatzwert
fiir die neue zuriickgreifen zu miissen, sondern grundsétzlich so viele verschiedene Start-Rotationen zu wéhlen,
dass ausgehend von mindestens einem dieser Startwerte das globale Minimum gefunden wird.

Eine moglichst uniforme Verteilung dieser Startrotationen fithrt auf die Frage nach einer uniformen Vertei-
lung von Einheitsquaternionen auf einer vierdimensionalen Hyperkugel. Hier bietet es sich an, die Eckpunkte
eines vierdimensionalen platonischen Polychoras zu verwenden, von denen sechs zur Auswahl stehen. Bestens
geeignet ist hier das vierdimensionale Pendant eines Tkosaeders: der 600-Zeller oder Hexacosichora. Seine drei-
dimensionale Oberfliche besteht aus 600 Tetraedern von denen sich jeweils fiinf eine Kante teilen (in Analogie
zu den fiinf gleichseitigen Dreiecken, die sich beim Tkosaeder einen Ecke teilen). Die 120 Ecken des 600-Zellers
sind (£1,0,0,0) mit allen Permutationen, (i%, i%, i%, i%) mit allen Permutationen und (£7, i%, i%, 0) mit
allen geraden Permutationen, wobei 7 = (1 + 1/5)/2 ist. Da ¢ und —q jeweils die gleiche Rotation definieren,
ergeben sich auf diese Weise 60 uniform verteilte Rotationen.

Es hat sich gezeigt, dass das globale Minimum bei Verwendung der so definierten 60 Startrotationen immer
gefunden wird. Mit dem oben beschriebenen Point-to-Line-Matching-Algorithmus lassen sich die hieraus iterativ
resultierenden 60 Endrotationen in weniger als zwei Millisekunden berechnen (Intel Core 15-6500 mit 3,2 GHz
und 4 Kernen).

2.2 Genauigkeitsuntersuchung

Zur Bestimmung der Genauigkeit des Pose-Estimation-Algorithmus wird ein Stereo-Kamera-System mit Hilfe
der in [4] vorgestellten Methode sehr prizise kalibriert und in ca. 300 mm Entfernung vom nachzuverfolgenden
Tracker mit einer LED-Seitenldnge von 63 mm platziert. Dessen Lage und Orientierung wird nun auf drei Arten
bestimmt: Pose Estimation linke Kamera, Pose Estimation rechte Kamera sowie Triangulation der Marker mit
beiden Kameras und anschlieSendem Point-to-Point-Matching. Dies ergibt drei Transformationen Fop vom
Tracker-Koordinatensystem 7' ins Kamera-Koordinatensystem C', die identisch sein miissten.

Fiir jede dieser drei Transformationen kann nun die mittlere und maximale Abweichung der transformierten
LED-Postionen zu den triangulierten LED-Positionen bestimmt werden. Dariiber hinaus werden im Tracker-
Koordinatensystem sechs Tool Center Points definiert, die jeweils 200 mm entlang der Koordinatenachsen
vom Zentrum der LEDs entfernt sind. Diese werden ebenfalls transformiert und die mittlere bzw. maximale
Abweichung der durch Pose Estimation bestimmten TCPs mit denen durch Triangulation entstandenen TCPs
berechnet.

3 Ergebnisse

Als Ground Truth werden die mittels Triangulation bestimmten Markerpositionen verwendet. Zur Bestimmung
der Genauigkeit des Ground Truth werden alle durch Triangulation entstandenen Marker-Frames gemittelt und
nach Point-to-Point-Matching (Least Square Fit) mit den Messungen einer optischen Koordinatenmessmaschine
verglichen:

e Die mittlere Abweichung der triangulierten LED-Positionen zu denen des gemittelten Frames betrdgt 0,05
mm. Die Wiederholgenauigkeit kann somit als sehr gut bewertet werden.

e Die mittlere Abweichung der LED-Positionen des gemittelten Frames zu denen der optischen Messma-
schine liegt bei 0,04 mm. Somit ist auch die Absolutgenauigkeit gewéahrleistet.

Die Genauigkeit des Ground Truth ist somit gesichert. Die Abweichungen der transfomierten LED-Positionen
zu den triangulierten LED-Positionen sind in Tabelle 1 zusammengefasst.

Tabelle 2 zeigt die Abweichungen der T'CPs, die sich mit den aus Pose Estimation berechneten Transfor-
mationen ergeben, von denen, die mit Hilfe der Transformation berechnet werden, die aus dem Point-to-Point-
Matching (Least Square Fit) folgt.

4 Diskussion

Die Ergebnisse aus Kapitel 3 legen nahe, dass die mittels Pose Estimation bzw. Point-to-Line-Matching mit
einer Kamera bestimmten Transformationen genau genug sind, um das in Kapitel 2 gesteckte Ziel einer mitt-
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Tabelle 2: Abweichungen der mittels Pose Estimation transformierten TCPs von den mittels Point-to-Point-

Tabelle 1: Abweichungen der transformierten LED-Positionen von den triangulierten LED-Positionen

Mittlere Abweichung

Maximale Abweichung

Point-to-Point Kamera 1 und 2 0,06 mm 0,19 mm
Pose Estimation Kamera 1 0,45 mm 0,92 mm
Pose Estimation Kamera 2 0,45 mm 0,72 mm

Matching bestimmten TCPs

Mittlere Abweichung

Maximale Abweichung

Pose Estimation Kamera 1

0,69 mm

1,62 mm

Pose Estimation Kamera 2

0,54 mm

1,59 mm

leren Abweichung von 1,5 mm am TCP (in 200 mm Entfernung vom Zentrum der sechs LEDs) erreichen zu
konnen. Die bisherigen Ergebnisse beziehen sich auf eine durchaus realistische Entfernung von 300 mm zwischen
Kamera und LEDs, wurden jedoch mit einer Industrickamera (Ximea MQO013MG-E2 mit 60 fps und 1280 x
1024 Pixeln) erzeugt, um einen verlésslichen Ground Truth zu erhalten. Weitere Untersuchungen werden zeigen,
ob die im Tracker selbst verbauten Kameras (Vimicro Venus USB2.0, siehe Abbildung 1) vergleichbare Ergeb-
nisse liefern und somit die Verwendung einer Kamera pro Tracker und Beobachtungsrichtung ausreichend ist.
Dies wire insbesondere fiir Tracker wiinschenswert, die in mehreren Richtungen nach , Peers“Ausschau halten.
Der vorgestellte Algorithmus fiir Pose Estimation mittels Point-to-Line-Matching funktioniert insbesondere im
Hinblick auf das Auffinden des globalen Minimums sehr robust. Die Verwendung der 60 vorgestellten Startrota-
tionen ist zeitlich unkritisch, hat sich bewahrt und sollte auch fiir weitere iterative Probleme mit unbekannter
Startrotation in Betracht gezogen werden.

5 Zusammenfassung

In dieser Arbeit wurde ein neues Peer-to-Peer-Tracking-Konzept fiir die chirurgische Navigation vorgestellt. Die
Trennung zwischen nachverfolgendem und nachverfolgtem Geréit wurde aufgehoben und die Frage erortert, ob
eine Kamera pro Beobachtungsrichtung eines Peer-to-Peer-Trackers ausreichend ist, um die mittels Pose Esti-
mation berechneten Transformationen mit ausreichender Genauigkeit bestimmen zu kénnen. Das vorgestellte
Konzept 16st das in der Problemstellung beschriebene Line-of-Sight-Problem und erhéht die Ausfallsicherheit
durch mehr Redundanz. Die geringen Herstellungskosten eines solchen Peer-To-Peer-Trackers legen nahe, diesen
als Einwegprodukt zu konzipieren.

Dariiber hinaus wurde ein sehr robuster (durch Verwendung von 60 geeigneten Startrotationen) und schneller
(weniger als 2 ms pro Transformation auf einem Intel Core 15-6500 mit 3,2 GHz und 4 Kernen) Point-to-Line-
Matching-Algorithmus vorgestellt, der trotz seines iterativen Ansatzes ohne initiale Schitzung auskommt und
dennoch das globale Minimum findet.
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Abstract:

During endovascular navigation, fiber-optic curvature sensors can help inform clinicians about the position of a cathe-
ter in a body. This helps reduce radiation exposure and limits the use of X-ray contrast agents compared to existing
methods. We propose three auditory feedback methods to transmit the distance to the next vascular bifurcation and an-
gle during navigation in the hopes of increasing usability of novel wire-guided catheter systems and reducing time spent
viewing screens. The results of a user evaluation show that such methods can be used for screen-free guidance during a
task involving correctly navigation paths and angles of rotation.

Keywords: auditory display, catheter navigation, computer-assisted interventions, sonification, vascular sys-
tem, human-computer interaction, user experience.

1 Problem

During catheter interventions, a patient’s vascular system is used as an access path to reach target structures.
Catheter or guide wires are inserted at a suitable entry point and navigated through the vascular system. The
position and surroundings of the catheter are usually displayed using X-ray projections so that the navigation
can be monitored. The vessels through which the catheter will be navigated are, however, not usually seen in
these images without further support. To temporarily make the vessels visible, the clinician can inject a small
amount of X-ray contrast agent into the patient. However, the complexity of the vascular system and its
many branches provide difficulties for navigation to the target lesion, as depicted in Figure 1. The cognitive

Figure 1: Contrast-enhanced angiography of liver arteries
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fusion of a 2D vessel tree projection to a 3D vessel model and the projection of the catheter present a high
burden for the clinician, and in addition, is not always clear. For the patient, this approach also entails the si-
de effects of exposure to radiation as well as contrast agents [1, 2].

Approaches exist, however, that simplify navigation for clinicians and reduce patient exposure to radiation
and contrast agents. Using preoperative or intraoperative images, a spatial model of the patient’s vascular
system can be generated. In addition, a catheter can be equipped with fiber-optic curvature sensors. During
an intervention, comparing sensor data with the spatial model of the vascular system can determine the posi-
tion of the catheter in the spatial model [3, 4, 5], see Figure 2. Thanks to this calculation, novel navigation
techniques can be used by the clinician. This type of navigation is especially suitable for scenarios in which
preinterventional imaging is a part of the clinical workflow and for which navigation is especially de-
manding. This could include, for instance, radioembolization of liver tumors, where the clinician must find a
segment of the arterial vascular tree, which almost entirely supplies the tumor with blood. In these tedious
operations, time could be saved and interventions could be made easier to plan.

Figure 2: Prototypical integration of intelligent catheter position u-
sing wavefront curvature sensor, showing sample 3D view in bottom
left and vasculature in bottom right

In this work, we describe an approach that attempts to improve the shortcomings of standard catheter naviga-
tion by implementing a so-called auditory display to aid the clinician in novel guide-wire catheter navigation.
An auditory display is one that uses sound (as opposed to visualizations) to transmit information. Auditory
displays in medical image-guided navigation are scarce, but attempts described in the literature have shown
benefits including enhanced recognition of the distance to structures or targets, improved placement ac-
curacy, reduced cognitive workload, and reduced rates of clinical complication. Drawbacks reported in the
literature include increased task time and increased non-target tissue removed during resection. For a
thorough review of the state of research in auditory displays for medical image-guided navigation, see [6].
We hypothesize that an auditory display for guide-wire-based catheter navigation could help improve inter-
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action with these novel systems by transmitting the distance of the catheter tip to the next bifurcation in the
vascular system tree as well as the correct angle so that the catheter may be properly guided into sequential
branches of the vasculature. In such a scenario, the clinician could be informed when nearing the next bifur-
cation as well as avoiding incorrect branches. This could reduce time, increase accuracy, reduce cognitive
load of the clinician, and help protect the patient by minimizing harmful radiation and contrast-agent expo-
sure.

2 Materials and Methods

This work compares three different auditory display methods for navigating points on a path and angle of ro-
tation and describes the results of a laboratory evaluation in terms of task completion time, accuracy, system
usability, and cognitive load. The test setup consisted of a computer gaming joystick (Logitech Attack 3) as
an input device used to simulate catheter navigation, with x- and y-ranges of 0 to 255. This provides virtual
navigation such catheter paths such as those depicted in Figure 3, where green indicated a correct path and
red indicates false paths to be avoided. For both path length and angle of rotation, values of 0 to 255 were
mapped to a set of discrete auditory display parameters to provide the participants the three real-time synthe-
sis methods that could be ‘played’ so that changes in path distance and angle of rotation of the catheter could
be heard. The three evaluated auditory display methods cover a wide range of sound-design techniques:

FM: The first auditory display synthesis method consisted of a mapping of path length and angle of rotation
to fundamental frequency of a sine wave and subsequent frequency modulation (FM) of the target tone. The
base tone consisted of a sine wave with a fundamental frequency mapped to the difference of the position of
the joystick to the difference of the target point, between 0 and 255 Hz. Inside of a margin of -20 to 20
between base and target, the base tone was turned off and a target signal was played which consisted of a
frequency-modulated [7] tone with a modulation frequency of 12 Hz and a carrier frequency of 56 Hz.

SUB: The second auditory display synthesis method utilized subtractive synthesis (SUB). In this method, the
base tone consisted of a sawtooth wave with a fundamental frequency of 100 Hz. When approaching the tar-
get position, the center frequency of two sequential band-pass filters with a Q factor of 2 were mapped from
0 to 255 Hz. In contrast to the method employing FM, this method does not use a separate target tone, but
rather relies only on changes in fundamental frequency of the sawtooth wave as well as center frequency of
the band pass filters.

MSS: Finally, the third auditory display method consisted of a multiple sound synthesis (MSS). The base to-
ne, similarly to FM, consisted of a single sine wave mapped to the range of the input device (0 to 255). The
target tone was created using two alternating sine waves with differing fundamental frequencies. Between
path length and angle of rotation distances between -20 and 20, the target tone was played. The two sine
waves, with fundamental frequencies of 200 Hz and 100 Hz were alternated each 500 ms.
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Figure 3: Example vascular system navigation, where green indica-
tes correct path and red indicates incorrect branches

The task of the participant was to position the joystick, first in the y-direction (forwards and backwards) to
locate a randomized point along the path length, and then to move the joystick in the x-direction (left and
right) to locate the correct angle of rotation. After a brief (<5 minute) training period and introduction to each
of the three auditory display synthesis methods (FM, SUB, and MSS), the participants completed the set of
tests. The task of finding a correct path placement and angle of rotation was repeated twice for each auditory
display method, thus resulting in a total of 12 data points for each participant. The trigger on the joystick was
used to activate and deactivate the recording of the path length and angle of rotation. The studies took place
in an enclosed laboratory. A pair of over-ear headphones were provided for each participant. Participants we-
re seated during the entire evaluation procedure. Participants were permitted to adjust chair and joystick po-
sition on the testing table. The evaluation was completed without the use of a screen. After the set of tasks
were completed, for each auditory display synthesis method, each participant completed both the van der
Laan system acceptance questionnaire [8] as well as the NASA-TLX multidimensional assessment question-
naire [9] that rates perceived workload. No compensation was given.

3 Results

The evaluation was completed by 10 (7 male, 3 female) novice participants with an average age of 27.9 years
recruited from a local research institute and all had backgrounds in fields of medical engineering. For each of
the auditory display synthesis methods (FM, SUB, and MSS) and each path length and angle of rotation task,
the percentage of reached point (RP) as well as task completion time were recorded. For the average results
of all participants for each of these measures as well as the results of the qualitative questionnaires, please
see Figure 4.

To help determine the accuracy of each method, we recorded the number of reached target points for both
path and angle of rotation. X- and y-position for each dimension was recorded at intervals of 100ms. If all of
the last 5 samples were in the range of -20 to 20 of the target point or angle of rotation, when the participant
released the joystick trigger this was considered as having found the target. The participants located the desi-
red path length in 85% using FM, 100% using SUB, and 75% using MSS. In contrast, for angle of rotation,
95% were found using FM, only 20% using SUB, and 75% using MSS. Thus, the overall accuracy in terms
of number of reached points was highest using FM (90%), and lowest using SUB (60%). The task completi-
on time was calculated as the elapsed time between joystick trigger presses. Participants needed an average
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of 26.76 seconds to find each path point using FM, 17.29 using SUB, and 22.84 using MSS. Results were
similar for angle of rotation: Participants needed an average of 30.39 seconds to find each path point using
FM, 12.52 using SUB, and 21.61 using MSS. Thus, the FM method required the most amount of time, but
provided more accuracy. SUB provided more speed and high accuracy for path point location, but poor ac-
curacy for finding angle of rotation.

Figure 4: Graphical display of average results over all participants. Quantitative results show average per-
centage of reached points (a), task completion time (b) in seconds for path and angle location. Qualitative
results show Van der Laan system usability scale (c) with subfactors of usefulness and satisfaction ranging
from -2 (poor) to 2 (best) and NASA Raw-TLX questionnaires (d) from 0 (low cognitive load) to 100 (high
cognitive load).

The results of the qualitative questionnaires were given as scores of the van der Laan system acceptance sca-
le and NASA TLX. The van der Laan scale includes 9 pairs of adjectives including “undesirable / desirable”
or “nice / annoying” to generate composite ratings for usefulness and satisfaction. The NASA-TLX multidi-
mensional assessment questionnaire queries the participants’ self-reported cognitive workload experienced
while completing the task. For system acceptance, ranging from -2 (worst) to 2 (best), the FM method was
rated highest, with average scores of 1.6 for usefulness and 1.50 for satisfaction. SUB had an average of 0.85
for usefulness and -0.60 for satisfaction. MSS had an average of -0.80 for usefulness and 0.63 for satisfac-
tion. The results of the NASA-TLX multidimensional assessment questionnaire, which ranges from 0 (low
cognitive load) to 100 (high cognitive load), show that MSS was rated with the lowest load (15.00). FM was
rated at 66.25, and SUB at 90.00.

4 Discussion

We performed an evaluation of three auditory display synthesis methods to gauge whether participants could
locate both points along a path as well as angles of rotation without using a computer screen as a means of
navigating a catheter for novel guide-wire applications. The results of the quantitative measures as well as
the qualitative van der Laan and NASA-TLX questionnaires reveal great differences in the performance,
usability, and perceived cognitive load of each of the three auditory display synthesis methods.
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In terms of quantitative performance measures, participants found the highest percentage of targets using the
FM method. This was accompanied by a substantially higher task completion time, the highest of all me-
thods. Results using SUB showed a large difference in task time for path (100%) and angle of rotation
(20%), showing that the method might be useful for path target locating but less so for angle of rotation.
However, participants exhibited the lowest task completion times when using SUB. Finally, average results
of MSS were between those of FM and SUB in terms of reached points and task completion time. In terms of
qualitative measures gathered from the van der Laan and NASA-TLX questionnaires, the methods were also
widely different. FM received the best usefulness and satisfaction scores, even though the results of the per-
ceived cognitive load were much higher than using MSS. SUB was rated as somewhat useful, but less sa-
tisfying, whereas MSS was rated as somewhat satisfying but less useful. SUB received the worst NASA-
TLX scores, showing that the method is not well suited for a task that should be completed by clinicians in
an already highly cognitively demanding scenario. Overall, it is clear that the FM synthesis method provides
the best tradeoff between accuracy, task completion time, and qualitative results.

We believe that with an extended amount of training, the FM method could be adapted to use in a clinical
scenario: with extended training, the perceived cognitive load and task completion time would most likely be
reduced. In addition, the combination of the auditory display method with existing novel navigation aids,
such as those seen in Figure 2, require careful attention in terms of integration and synchronization. The au-
ditory display must be adapted to other aids in such a way that neither detracts from the other; a hybrid audi-
ovisual feedback would be ideal. The interaction with such hybrid audiovisual displays would also exhibit
different results when used with a physical wire-guided catheter instead of the computer joystick as input de-
vice features in this evaluation.

5 Conclusion

In this work, we have shown that auditory display can be a useful modality of feedback for a virtual novel
wire-guided catheter application. The evaluation shows that path points and angles of rotation of a virtual
catheter scenario can be found without the use of the screen, using a joystick as a virtual input device for a
wire-guided catheter. The developed methods could assist, for instance, the clinician in avoiding incorrect
paths and by informing when an upcoming bifurcation is about to be reached. Although the results presented
in this work have not been combined with existing visual feedback methods, we believe that such a combina-
tion could provide even higher benefit to the clinician by harnessing the information of the wire-guided
catheter system without having to keep the view on the system screen during an entire intervention. Future
work will include enhancing the employed methods to further reduce cognitive load, increase accuracy, and
reduce task completion time. This should help clinicians better understand the planned path, help execute the
navigation while reducing difficulty and increasing confidence, as well as limiting patient exposure to radia-
tion or contrast agents.
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Abstract

In the treatment of patients surgical assistance systems are becoming increasingly established worldwide. The
idea is to provide the surgeon with suitable assistance at the right time during the ongoing surgical procedure.
We propose a surgical assistance system that supports the surgeon during ventricular puncture by visualizing the
target area using a Microsoft HoloLens™ . Preoperatively an individual patient head model is reconstructed from
computer tomography (CT)-data and a marker is attached to the patient, which is tracked during the procedure.
The visualized target region must be positioned as accurately as possible during the surgical procedure to provide
safe guidance for the surgeon. To ensure this we register the marker system to the patient’s head by using an
Iterative Closes Point (ICP) based surface matching algorithm. The presented system will be examined in detail
with regard to the render performance of the HoloLens. Furthermore, a qualitative online analysis is performed.
The results show that the Augmented Reality (AR)-headset can be successfully used to visualize medical data
and that the patient can be successfully tracked at runtime.

Keywords: Computer Assisted Surgery, Surgical Assistance, Augmented Reality, Ventricular Puncture,
Surface Matching, Marker-based Tracking

1 Problem

Computer-assisted procedures in medical technology should support the surgeon in the treatment of patients
in order to improve the outcome for the patient. It is important that such systems are seamlessly integrated
into the medical workflow through user-centered development and that a high degree of usability is ensured.
If this is not the case, their use can fail due to the lack of acceptance or even the safety of the procedure can
be compromised. The ventricular puncture of the human brain for the drainage of cerebrospinal fluid is one of
the routine procedures in neurosurgery. Across Germany, about 20000 punctures are performed either as an
independent procedure or as part of a more complex surgery per year. The puncture is carried out via a burr
hole trepanation at the Kocher’s point. The direction of the catheter is determined using external anatomical
landmarks. In addition, the anatomical and pathological characteristics of the patient must be taken into
account by the surgeon. This procedure is often indicated in emergency situations, such as brain hemorrhages,
traumatic brain injury or strokes. The ventricle is about 4 cm deep, has an elongated shape with a width of
about 1 cm, which can vary greatly due to the underlying disease. Optimal catheter placement is achieved in
only about 60% of cases [1], sometimes requiring multiple puncture attempts. The difficulty of the intervention
is that the determination of the penetration angle often allows only a few degrees of tolerance and the target
cannot be visualized directly.

Currently there are only limited options for providing assistance for the procedure. The commercially
available navigation systems require complex preparation usually with rigid head fixation, manual planning
and registration as well as additional navigation instruments. This significantly increases the amount of time
and resources needed for the procedure. Other supportive tools like the Thomale guide also require presurgical
planning, increase complexity and potential risks. They only achieve a slightly higher optimal catheter position
in approximately 70% of cases [5]. The success rate is to be significantly improved by displaying the target area
using a 3-D overlay.

2 Material and Methods

It is the basic idea of our system to provide the surgeon with an easy-to-use, exact and robust interface for
surgical assistance. The system should be integrated as seamlessly as possible into the surgical workflow. This
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contributes significantly to user acceptance. The assistance system should only run on and depend on the
AR-headset. Expensive external sensors should not be used for environmental sensing.

The surgeon puts on the AR-headset before the surgery (see figure 1 b) and carries out all necessary steps
with it. Before covering the patient’s head in sterile drapes a fully automated registration of the marker
system to the patient is carried out. This means that the position of the marker system on the patient’s head
is determined precisely. The patient can then be covered for the operation. From this point on, it is only
necessary to track the marker to overlay the 3D patient model with the real world correctly.

2.1 Experimental Setup

We use a phantom head from Synbone (www.synbone.com) mounted on a stewart platform from PI (www.pi-
usa.us) on a solid measuring table made of stone (the head is displayed in figure 3 a). A Microsoft HoloLens
is used as AR-platform to display the 3D-overlays and to track the environment. The HoloLens employs the
Unity 3D graphics engine to visualize the holographic scene. The computer vision library OpenCV and the
ARUCO library is used for marker tracking. In addition, a RGB-D camera, an Intel Realsense SR300, was used
as a sensor for pre-testing. It was positioned firmly on a tripod. When Microsoft released the research mode
for the HoloLens, access to the raw data streams of the different sensors, e.g. depth stream and environmental
cameras, became available. Before that, access to the data streams were very limited. It was only possible to
access the camera in the center of the headset and a spatial map.

In figure 1 (a) and (b) the system setup is depicted. The marker system consists of a carrier and the actual
marker. Initially ARUCO markers [2] are used in our system. The marker system is attached to the patient’s
head and fixed with an adhesive pad. Usually, neurosurgical head fixation and navigation is an invasive and time
consuming procedure, in which metal pins are pierced through the skin into the cranial bone. Since ventricular
punctures are often carried out in time critical emergency situations, this can be undesirable. The human
head is relatively stiff and immobile at its surface. It will be further examined how well a fixing method using
adhesive pads works and whether this is sufficient for the present case. Initial tests were carried out with a
marker adapted to the patient’s head by using its original surface as the base of the carrier. This allows a very
accurate fit on the patient’s head. Since the head does not move much during the surgery the marker system
is very promising.

HoloLens

Marker Carrier ‘% /
=/
? ~ s |

acquire marker I
>

position
HoloLens Marker System Model of the
Marker System
display 3D overlay to moun;ed on
v
Surgeon Patient PMthetllothhed
surgery on » atient’s Hea

uses v : Model of the
Patient

Catheter cT

(a)

Figure 1: Setup of the system.

2.2 The Surgical Assistance Workflow

Preoperatively a CT-scan of the patient is carried out and individual 3D-models of the patient’s head are
generated: A volume model and a surface model (figure 2). Each voxel in the volume model has an individual
tissue value. During rendering each type of tissue is rendered with a different color value, usually as a grayscale
value. This allows the volume model to be segmented, e.g. to display the ventricle system. The volume model
can be used for preoperative analysis of the patient’s anatomy and pathology. It can be viewed within the
HoloLens, although we do not achieve 60 fps. Therefore it is not used during the surgery as an overlay due to
the limited resources of the HoloLens. The surface model consists of three single surface models:
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The ventricular system, the cranial bone and the skin. During the surgery the surface model is overlayed
with the patient’s head. The surface models need much less performance to be rendered and all the needed
informations are also presented.

(a) (b)

(d)

Figure 2: Surface models of the Synbone phantom head (a, b) and volume models of a real patient (c, d).

At the beginning of the surgery preparation the marker is attached to the patient’s head. We use an ARUCO
based tracking. The markers are generated as described in [3]. We use a small marker dictionary consisting
of 50 markers. It is planned in the future to use more than two markers to stabilize tracking. This allows the
tracking to be averaged over several values to compensate for fluctuating detections. In our system we have
multiple observable coordinate frames (see figure 3) that must be registered to each other: the HoloLens frame
Ty, the marker system frame Tjss and the patient model frame Tp,,. The patient frame Tp is synchronized
with T'p,, to create a coordinate system in which the patient is located. Additionally there is the catheter tool
frame Te. The catheter is not tracked at the moment. The surgeon is responsible for the insertion.

Figure 3: Registration of the coordinate frames of the system.

To be able to overlay the virtual patient head precisely during the surgery, the marker system must be
correctly registered to the real patient head. The process is depicted in figure 4.

Figure 4: Activity diagram of the AR-based surgical assistance workflow.

This requires to determine the 3D-pose of the marker system and the patient’s head in the scene. The marker
is detected directly through ARUCO tracking. The result is a transformation matrix T in the coordinate
frame of the HoloLens camera. Next the translation and rotation of the patient’s head is determined. We do so
by using a Surface matching algorithm. We have investigated various variants and their implementations: the
OpenCV implementation of Picky Iterative Closest Point [7], the Point Cloud Library and ICP [4] and 'Fast
global registration’ [6]. All three approaches yielded good results. We get the transformation matrix TL in the
coordinate frame T. When the localization of the marker system and the patient’s head are found in the scene
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the relative transformation from marker system to the patient’s head can be calculated using formula 1.

Tyiy = (Tg'*) ™' = T (1)

During the surgery the patient is tracked only through the marker multiplying the transformation matrix
T};}”S with the position of the marker to determine the position of the patient’s head.

2.3 The HoloLens Deployment Process

In order to visualize the two different model types on the HoloLens they need to be imported into a Unity 3D
project. The surface models can be visualized using the default shader. Volume models cannot be displayed
by default, so a Ray Trace Shader has been programmed to do this. Volume files are provided in the ".nrrd’
data format. These files are read and converted to an internal binary data format as a three dimensional array.
Once the volume has been converted, a memory dump is created and used as an asset in Unity 3D projects.

The finished project can then be transferred to the HoloLens.
c Vol c = Ray Trace
reate Volume reate. inary Shader
Model “.nrrd’ File
Default
Shader

Create Surface
Figure 5: The process to deploy and render 3D-models on the HoloLens.
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3 Results

We prove the feasibility of the proposed design through initial implementations and evaluations. We carried
out detailed performance measurements with the HoloLens to show which possibilities the headset provides for
the presentation of medical data. We used different models to evaluate the render performance. Tables 1 and 2
list the different models. Surface models of the patient were provided in the ’.obj’ file format. Blender (v.2.79b)
was used to reduce the vertex and face count.

Model 1 (real patient data) Model 2 (Synbone phantom head)
Skin | Brain | Ventricle | Total Skin | Brain | Ventricle Total
Vertex count 4595 8103 4068 | 16766 | 17633 | 42310 5977 65950
Triangle count | 8942 | 16 255 8149 | 33346 | 34994 | 83805 11922 | 130721
Size (in kB) 280 500 248 1028 1154 2839 369 4362

Table 1: For evaluation 2 combined surface models were used (skin, brain and ventricle). Model 1 was generated
from real patient data. Model 2 was generated from a CT-scan of the Synbone phantom.

Volume files were provided in the ’.nrrd’ file format. Because applications running on the Hololens have a
memory limit of 900 MB, we were not able to use the original head model. Although our app with the full-scale
model requires only 235 MB of memory, Unity 3D allocates up to 950 MB of RAM causing our application to
crash. We then reduced the size of the volume models. Resampling was done using the 'unu’ resample tool
with default parameters.

Head 100% Head 75% Head 50%
Dimension (in voxel) 512 x 160 x 512 384 x 120 x 384 256 x 80 x 256
Voxel size (in mm) 0.488 x 1.000 x 0.488 | 0.653 x 1.333 x 0.653 | 0.980 x 2.000 x 0.980
Binary file size 160 MB 67.5 MB 20 MB

Table 2: Volume models: The original volume model was generated from a CT-scan of a real patient. The 75%
and 50% reduced models were generated out of the original one.

All measurements were recorded with the built-in performance tracker of the HoloLens. For the performance
analysis a side view of the displayed head was chosen. All values (with the exception of RAM) are the average
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of a one minute measurement interval once the scene was loaded. Since no memory allocation is necessary once
the scene is active, the given values for RAM utilization were taken as soon as the scene was loaded.

Volume models Surface models
Head 100% Head 75% Head 50% Model 1 | Model 2
Samples per ray - 16 96 16 96 - -
FPS - 54 13.5 52 13 60 46
CPU utilization (in %) - 11 3 10 2.5 12 9
RAM (commit size) (in MB) -1 507.2 | 509.4 | 271.3 | 271.1 162.8 164.7
SoC power utilization (in %) - 100 95 61 61 97 116

Table 3: Evaluation of the render performance of the volume models.

The results give an intial overview of what can be displayed on the HoloLens. The 50% reduced volume
model runs at a lower fps as the 75% volume model. The fps number depends more on the render pipeline than
on the actual size of the models. We will further improve the pipeline in future work. However, the visualization
of volumetric data requires a lot of performance and we achieve good results with 54 fps. The surface models
can be visualized with 60 fps. In figure 6 a first qualitative analysis is shown. The results are promising.

(a) (b) ()

Figure 6: (a) ARUCO based marker tracking, (b) 3D-Overlay in cranio-caudal direction, (c¢) 3D-overlay from
lateral direction.

Further evaluations will be carried out in the future: The registration of the marker system to the patient’s
head, the accuracy of the ARUCO marker tracking, as well as the stability of the holographic overlay.

4 Discussion

We have described an optimized process for surgical assistance in the scenario of a ventricular puncture. Our
results show that the concept of using the HoloLens is capable of displaying medical data and overlay it with a
real patient during an operation. However, several process steps (see figure 4) need to be revised and need to
be made more robust.

It has been shown that the preprocessing steps are error-prone. The model files need to be in the right format
and size and must not have any errors. This requires a lot of manual intervention. An automated solution is
targeted. The marker system we have initially used must be further improved and adapted to the requirements
of the surgical procedure. Adhesive marker systems are already in use with commercial navigation systems and
achieve a very good precision (e.g. the Stryker Cranial Map system (www.stryker.com)). These systems use
external camera systems, which can be adjusted, to achieve optimal tracking. Our hardware consists only of the
HoloLens, which means the marker system has to be adapted to allow tracking from behind the patient, where
the surgeon is positioned. We achieve this by using a marker system that comprises multiple 2D markers that
are visible from any point of view. In addition, a solution must be found for transferring the marker system
from the non-sterile environment of the initial registration to the sterile environment of the surgical field. This
is also the usual process in commercial navigation systems requiring a mounting system which can guarantee
that the sterile marker will be fitted in exactly the same position as the non sterile version. In the current state
this is not taken into account in the system. At the moment the marker tracking is subject to fluctuations.
Smaller tracking inaccuracy of the marker lead to larger fluctuations the further away from the marker the
hologram is located. This needs to be further improved, e.g. through Extended Kalman Filtering. Our system
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is completely mobile and does not depend on external sensors. This leads to challenging tasks. The marker
tracking is more complicated compared to a fixed reference system. In addition, the HoloLens still has strong
limitations due to the underlying hardware. Initial tests on wearing the headset during a simulated surgery
were positive. It benefits from the fact that it is light and the field of vision is not severely restricted. With
our design, tracking of the patient with a set of 2D markers reaches high accuracy allowing sufficient precision
of the virtual projection. In summary, the approach presented is very promising and may increase the success
rate of surgical procedures in the future.

5 Conclusion

We have demonstrated the feasibility of the proposed approach by registering a marker system to the patient’s
head and then overlaying the virtual patient model by only tracking the marker. The models were generated
automatically from CT-data and a process was implemented to visualize them on the HoloLens with a sufficient
frame rate. Providing good surgical assistance based only on an AR-headset is largely dependent on the
underlying hardware. The release of the HoloLens enabled many scenarios that were previously impossible to
implement. Thanks to the Research mode and the associated opening of the platform, all sensors of the headset
can now be used. In this paper we have described, implemented and initially evaluated the design of an AR-
based navigation system for surgical procedures. A good basis was achieved to further improve the underlying
system. The big advantage of our system is the independence from external sensors and expensive additional
hardware. In the future we will work on the robustness and accuracy of the system to further improve the
stability. This can lead to a much higher success rate for ventricular puncture.
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Abstract

Head pose estimation and tracking is useful in variety of medical applications. With the advent of RGBD
cameras like Kinect, it has become feasible to do markerless tracking by estimating the head pose directly from
the point clouds. One specific medical application is robot assisted transcranial magnetic stimulation (TMS)
where any patient motion is compensated with the help of a robot. For increased patient comfort, it is important
to track the head without markers. In this regard, we address the head pose estimation problem using two differ-
ent approaches. In the first approach, we build upon the more traditional approach of model based head tracking,
where a head model is morphed according to the particular head to be tracked and the morphed model is used to
track the head in the point cloud streams. In the second approach, we propose a new multi-scale convolutional
neural network architecture for more accurate pose regression. Additionally, we outline a systematic data set
acquisition strategy using a head phantom mounted on the robot and ground-truth labels generated using a highly
accurate tracking system.

Keywords: Head Pose Estimation, CNN, Deep Learning

1 Problem

Motion compensation is necessary in various medical procedures including transcranial magnetic stimulation
(TMS). TMS is a method used to stimulate cortical regions of the brain, e.g., to treat tinnitus. The necessity
of motion compensation arises from the fact that patients are typically not static due to, e.g., breathing and
other involuntary movements. Without the motion compensation, the patients mobility has to be restricted
with unpleasant aides like plaster casts [1]. For motion compensation in TMS, the patient is tracked with
a tracking system and the robot compensates the head motion. Previously, TMS with motion compensating
robots have been proposed using marker-based tracking which involves placing/sticking retro-reflective markers
on a patient’s head [2]. The marker placement typically causes irritation to the treated patients and their
placement is likely to be affected when the patients scratch or touch the markers, thus compromising the overall
accuracy of the compensation.

Therefore, markerless tracking approaches based on adjusted models have been proposed where a subject-
specific template is tracked with an Iterative Closest Point (ICP) algorithm [3]. The model-based approach
splits the problem into two major subproblems: An offline fitting step to create a subject-specific face template
[4] from noisy sensor data and its registration to the sensor frames using a variant of the Iterative Closest Point
algorithm [5] during the actual pose estimation phase. Recently, CNNs have also been proposed for head pose
estimation ”in the wild” [6] and for automotive driver head pose estimation [7]. Often, these approaches use
coarse, discrete poses which is insufficient for TMS application.

Thus, we propose CNN-based head pose estimation from RGBD+IR images for TMS-like applications using
a data acquisition setup with a highly accurate tracking camera for ground-truth annotation. A robot moves a
head phantom for automatic data acquisition which allows for generation of large datasets to study head pose
estimation approaches. Based on the acquired datasets, we propose a multi-scale CNN architecture for accurate
pose regression. We compare this method to a single-path CNN and a classical head model-based approach.

2 Materials and Methods

2.1 Head Phantom Dataset (Generation

A dataset of the head phantom is generated to systematically cover predefined distances and orientations towards
the Kinect sensor. Universal Robot’s URbS robot is used to systematically move the head in the Kinect’s FoV.
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Figure 1: Acquisition setup. Head phantom (A), head marker geometry (B), Microsoft Kinect v2 (C), optical
tracking system (D)
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Figure 2: The proposed multi-scale CNN architecture. One path receives a downsampled version of the entire
image, the other path receives a cropped version, containing mostly the head itself. Cropping is performed
through a face detecting classifier. ResBlock refers to residual blocks with bottlenecks, following [8]. In each
block, the number of output feature maps is denoted. /2 denotes spatial downsampling with a convolutional
stride of 2. p,,. denotes the position and ¢.y. denotes the orientation, expressed as a quaternion.

In addition to Kinect, a highly accurate optical tracking system ‘Atracsys fusionTrack 500’ is used to track the
head as well to record the corresponding ground truth head poses. The tracking system tracks a retroreflective
markers based rigid geometries, therefore, one of such marker geometries is fixed to the phantoms neck. This
was done such that the markers do not interfere/occlude the head/face of the phantom as shown in Figure 1.
The robot’s trajectory is planned such that the overlap between robot workspace and Kinect FoV is discretized
into a grid. At each position in the grid, the robot rotates the head phantom covering combinations of rotations
in a range from +/-20 degrees for yaw, pitch and roll axes, respectively. Also, the order of rotations are
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Model-Based Single-Path Multi-Path

Position Error 416 +£2.21mm 2.234+1.38mm 1.86 £+ 1.29 mm
Orientation Error 4.63 4= 1.42° 1.27 +0.78° 0.676 £ 0.350°

Table 1: Mean and standard deviation of the errors for the different approaches. Errors are calculated by

considering T'p 1TGT =1Ig L I where T'p is the predicted pose and Tgr the ground-truth. The result /g should
be approximately equal to the identity matrix I. Position error is the norm of the translational part of I and
orientation error is the angle of the rotational part of I in axis-angle representation.

Model-Based Single-Path ~ Multi-Path

Setup Time 15 min 6h 14h
Processing Time 27.1£86ms 5.1+0.3ms 6.4+0.3ms

Table 2: Setup and processing time for the three approaches. For the model-based approach, setup time refers
to the time required to generate the head template. For the CNN models, setup time refers to the training time
needed. Processing time denotes the time that is required for processing a single image for tracking.

A 120x120 section around the ROI’s center is cropped from the original image to get the cropped image for the
CNN.

For training, we consider all five image channels (RGB+Depth+IR) as channels at the model input. The
RGB images were registered to the IR-based representations. The network performs regression by outputting
seven continuous values which represent position and orientation (quaternions). Images and target poses are
scaled to a range of [0, 1]. We minimize the mean squared error between predictions and targets using the Adam
algorithm [10]. We implement our model in Tensorflow [11].

We compare this approach to a standard single-path CNN that only takes the entire Kinect image as its
input. We do not consider a single-path CNN with the cropped images, as they do not contain global position
information. Furthermore, we consider a classical head model based approach for tracking, in which the head
template is expressed in terms of a statistical face model [4]. The face model is deformed using a head scan to
create a head template corresponding to the specific head shape to be tracked. An optical tracking system and
a pointer probe are used to sample a subject’s facial surface. The tracking algorithm is initialized by an RGB
face detector and uses the Iterative Closest Point algorithm with subject-specific template for pose refinement.

Since a marker geometry is rigidly attached to the head, the head does not need to be static during the
scan. The transformations from tracking camera to head marker Ty, and the transformations from tracking
camera to pointer probe “Tp, are synchronously recorded for n samples. The translational part of the relative
transformations ¥ Tp, = (“Tyy,)~1°Tp,,i € 1,--- ,n from head marker to pointer probe can be compiled into
a three-dimensional head scan.

3 Results

The results are shown in Table 1. The CNN-based models clearly outperform the classical model-based approach.
Moreover, the two-path architecture achieves higher rotational accuracy than the single-path model.

Additionally, we provide results for the training and runtime of each approach. The results are shown in
Table 2. The training time for model based approach is required to setup the subject-specific head template
as described in the previous section. The CNN requires significantly more setup time due to model training,
compared to the classic approach. However, for application, the processing time for CNN inference for each
image is four times faster than the model-based tracker.

4 Discussion

We propose a new multi-path CNN architecture for head pose estimation, that takes both global and local
context into account. Our results in Table 1 show, that the method outperforms a classic model-based approach.
This indicates that directly learning features from color and depth images is advantageous compared to point-
cloud-based models that only rely on depth. Note, that these results are limited as they are shown for one head
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phantom. Although generalization in between heads does not appear to be problematic for similar problems [7],
this should be addressed in future research. Moreover, we show that the multi-scale approach outperforms a
single-path model that only takes the entire image as the input. The higher resolution crop appears to provide
more accurate information for orientation learning. The setup and processing times shown in Table 2 show that
the CNN models need significantly longer preparation time, as the model has to be trained on a large dataset.
However, when being applied for head pose estimation, the CNNs are significantly faster than the classic
approach in terms of processing time. Thus, our new CNN approach is well suited for practical applications, as
fast feedback on head pose changes during a TMS scenario can allow for better motion compensation strategies.

5 Conclusion

We address the problem of head pose estimation for motion compensation in TMS scenarios. For this purpose, we
introduce an automatic data acquisition setup with highly accurate ground-truth annotation in order to obtain
large datasets to study pose estimation methods. We introduce a new multi-scale CNN architecture for accurate
pose regression. We show that our method outperforms a classic approach. Moreover, our new multi-scale CNN
design improves performance over a simple single-path model. In this way, we show the successful integration of
prior, coarse pose estimation methods in our new deep learning-based setup. Additionally, processing duration
improves significantly, which implies that real-time estimation is feasible. For future work, this approach can
be extended to multiple head phantoms and potential trials with human subjects.
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Abstract

Algorithms for a camera-based surgical navigation system, with a localization based on the surface structure of
the patients face, are developed and evaluated. The measurement technology is based on a single HD-camera that
is integrated on a surgical instrument. Sophisticated and expensive state of the art systems are thus replaced by a
software solution, which reduces the hardware costs and the space requirements in the operation room. A
functional prototype is implemented and tested in a laboratory and an operating room. The challenge is to
determine the camera’s pose from a camera live stream with a feature based approach, without additional markers
on the patient. The core software modules are mapping, registration and localization. The root-mean-square error
of the system varies between 2.4 mm and 6.4 mm dependent on the lighting conditions. By removing a systematic
error from the registration process, the accuracy is improved to 1.3 mm to 2.0 mm.

Keywords: Surgical Navigation, Visual Navigation, Computer Vision.

1 Problem

1.1 Background

Minimal-invasive surgery helps to improve surgical outcomes and a rapid recovery of patients. As a result, hospital
stays can be reduced and this can minimize costs in the health care sector [6, 11]. The trend towards minimal-
invasive surgery also increases the demand in surgical navigation systems [5, 6]. Established systems are used in
different medical disciplines, yet they are disadvantageous in some aspects and are therefore not popular among
all surgeons. Surgeons demand a stronger integration of medical systems into the operating room workflow [4].
Furthermore, it must be considered that all the computer-aided systems for surgery must physically fit into the
operating room [9]. The aim of this work is to avoid complex and cost-intensive measurement technology by
replacing it with a software solution. Within this work a function prototype of a camera-based navigation system
for ENT-surgery is developed. The measuring technique is a single HD-camera that can be integrated to surgical
instruments. The idea is to navigate based on the surface structure of the patient’s face with an image processing
solution based on the camera live stream.

1.2 State of the Art in Surgical Navigation

Stereo-optical tracking is the most popular measurement technology for surgical navigation. A stereo camera in
the infrared spectrum acquires the position of circular markers based on triangulation, and with a set of markers
the orientation respectively. Main disadvantages of optical tracking systems are the required line-of-sight between
the camera and the markers on the instrument and patient, and the required space of the equipment in the in the
operating room [3]. Advantageous is the large accuracy below 0.5 mm [13]. An alternative are electromagnetic
tracking systems. They are used to localize small sensors in a direct current or alternating current magnetic field
of known geometry [9]. The sensors are made of one (for 5 degrees of freedom) or more (for 6 degrees of freedom)
small coils in which the magnetic field induces a voltage dependent on its location in the field [3]. Electromagnetic
tracking systems can be used without visual contact between field generator and sensors (no line-of-sight problem)
but are less accurate compared to optical tracking systems [4] and susceptible to conductive and ferromagnetic
materials [9]. Another option, especially in neurosurgery, are stereotactic systems [10]. They are mechanically
affixed to the patient. A reference system defines a coordinates system and is used for guiding surgical instruments.
Landmarks that can be recognized in the image data are used for registration [9].

Besides the established systems mentioned above, there is several innovative measurement technology for surgical
navigation. Camera-based systems, relevant to this work, are described next. Profess is a surgical navigation
system for paranasal sinus and intranasal surgery. A flat patient tracker with a black and white pixel-pattern is
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affixed at the eye region of the patient. Moreover, stickers with a similar pattern are fixed to the forehead, cheek
and nose of the patient for automatic registration. The location of a camera, integrated in an instrument, is
computed based on image processing algorithms. The accuracy in the nasal cavity is £2 mm according to the
manufacturer [12]. Intellijoint HIP is a camera-based surgical navigation system for intraoperative measurement
in total knee arthroplasty. The systems measures the location between a camera, which is mounted on the iliac
crest, and a tracker, which is mounted on the fermur or on the acetabulum implant, respectively. The system
supplies real-time data on leg length, leg relocation and location of the acetabulum implant. A measurement of the
leg length can be done with an accuracy below 1 mm and the location of the acetabulum implant below 1 ° [8].
Naviswiss is a camera-based surgical navigation system for total knee arthroplasty. The navigation camera is a
handheld optical 3D-scanner. Markers, which are mounted on the iliac crest and the femoral bone, are used for
determination of the relative localization. The prosthetic cup and the prosthesis stem are positioned based on the
markers [7].

2 Material and Methods

2.1 Concept

The proposed camera-based navigation computes the transformation of the navigation instrument to the patient
continuously from camera live images without using additional measurement devices or trackers
(Figure 1, a). The camera, that is mounted on the instrument and connected to a computer, is the measurement
system. The software that is installed on that computer serves as the navigation software. The transformation
TCPTcam from the optical center of the camera to the tool center point (TCP) of the instrument is known from
fabrication or can be determined in a calibration process. The software workflow is structured into the single steps
mapping, point cloud registration and localization. The mapping determines the patient surface Omap from an
image sequence (see Figure 1, b). The point cloud registration relates the mapping to the preoperative acquired
computer tomography (CT) patient data by determining the registration transformation "Twmap (Figure 1, c). The
localization computes the transformation MAPTcam from the camera to the mapping by continuously processing of
the image data (see Figure 1, d). The final navigation transformation “TTrcp from the instrument to the CT patient
data is given in equation 1.

-1 -1
CTTTCP = CTTCAM(TCPTCAM) = CTTMAPMAPTCAM(TCPTCAM) (D

Figure 1: Concept of the camera-based surgical navigation system: a) the navigation transformation “"Trcp is
defined by the camera to the patient data transformation “"Tcy and camera to instrument transformation
TCPTeam, b) mapping from an image sequence, c) point cloud registration of the mapping to the CT data, d)

camera pose estimation (localization) relative to the mapping.

2.2 Implementation

Figure 2 shows the software workflow for the camera-based navigation system. The workflow is structured into
the modules preoperative steps, image grabbing, patient registration, localization and visualization. The
preoperative steps module is responsible for loading of the DICOM patient data and the camera calibration for
computation of the internal camera parameters. Furthermore, an instrument calibration can be performed in order
to compute the transformation of the camera’s optical center to the tool center point. The image grabbing module
acquires the camera image stream and signals it to the patient registration and localization module respectively.
The patient registration module consists of the steps CT surface extraction, mapping and point cloud registration.
The CT surface extraction computes the surface of the CT patient data and converts it to a point cloud. The mapping
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module computes a depth map from of the patient’s face based on an acquired camera image stream. Output data
of the module are a disparity and reference image that is used in the navigation module as well as a point cloud
that is used for point cloud registration. The point cloud registration is done in order to align the computed point
clouds of the mapping and CT surface extraction. The process computes the required transformation and scaling
of the mapping. The navigation module is started after the patient registration. The input of the module are the
camera live images, the disparity and reference image from the mapping process and the registration
transformation and scaling. The output of the module is the transformation “TTrcp of the tool center point to the
coordinate system of the CT-DICOM data. The visualization module displays the navigation data and process
information in a graphical user interface (GUI). The navigation data, i.e. the position and orientation of the
navigated surgical instrument, is visualized in a slice (axial, coronal, sagittal) and rendered view of the CT patient
data. Moreover, a visualization of selected processes, e.g. mapping, registration, tracking, is realized in the GUI
for a live feedback for the user. A more detailed description of the CT surface extraction, mapping, registration
and localization module is given in the following sections.

Visualisation
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Figure 2: Software workflow for the camera-based navigation system.
CT Surface Extraction

The CT surface extraction module computes the surface point cloud of the patients face from the CT-DICOM data.
The module is divided into the steps preprocessing and Marching-Cubes algorithm. The preprocessing filter
computes a depth map of the frontal view on the patient face by thresholding the voxel data. The depth map is
divided into partial maps of 27 x 51 pixels. Each partial map is filtered based on an interval defined by the mean
value and standard deviation with a threshold of 2.28 6. The Marching-Cubes filter processes and returns the point
cloud of the patient face surface.

Mapping

The mapping module computes a depth map of the surface of the patient face from an acquired image sequence
during the registration process. The mapping is divided into the steps preprocessing, rectification and
reconstruction. The preprocessing is used for selection and preparation of appropriate image pairs, i.e. image pairs
with a minimum disparity of 60 and maximum disparity of 100 pixels. The rectification filter computes the relative
transformation, i.e. rotation and normalized translation, of a selected image pair based on a feature matching with
SIFT and SURF. Based on this relative transformation the rectification is done with the Bouguet algorithm [1].
The reconstruction of the depth map is done with semi-global block matching [1]. Subsequently, the depth map is
postprocessed to remove outliers and error pixels. The depth map is converted according the reprojection matrix
Q to a point cloud. The output of the module is a point cloud, depth map, mask and reference image, i.e. left image
of the stereo image pair. The resolution of the depth map is defined by the resolution of the camera and its field of
view. Dependent on the perspective the face covers approximately 50 % of the sensor (1280 x 1024 px), which
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results in approximately 650,000 points in the point cloud. Yet, the depth resolution is limited and depends on the
camera translation, the object distance, the focal length and disparity increment.

Point Cloud Registration

The point cloud registration module computes the scaling sg and transformation “"Twmar of the mapping Omar to
the CT surface model Oct. The module is divided into the steps preprocessing, depth map based registration and
fine registration. In the first step, the point clouds are both downsampled to a number of 4,000 points for faster
processing. The preprocessing filter performs an outlier filtering and prescaling according to the point cloud
dimensions. Furthermore, a coarse alignment is done by aligning the centers of mass and applying a known rotation
of 90 °. The depth map based registration computes corresponding 3D points based on a feature matching process
on the 2D depth maps Omap and Oc¢t (using BRISK features and SIFT descriptors) [2]. The corresponding features
are transformed to 3D points, which are used for fine scaling and computation of the registration transformation.
The fine registration is done with a standard implementation the ICP-algorithm. The results of the single
registration steps are shown in Figure 3.

Figure 3: Interim and final results of the registration process: a) input data Ocr and Oyup (small scaled), b) after
outlier filtering and prescaling, c) after coarse alignment, d) after depth map based registration, e) after fine
registration.

Localization

The localization module determines the position and orientation (pose) of the camera relative to the mapping Omar
for every camera image. This is done with a pose estimation based on point correspondences between selected
points of the mapping (3D) and tracked points on the camera image (2D). The module is divided into the filters
tracking, 2D-3D-correspondences and pose estimation. The tracking filter performs a feature matching between
the camera live image and the reference image that is kept from the mapping process. The matching process is
replaced by an optical flow tracking, as far as a minimum number of 300 matched points are available. The 2D-
3D-correspondences filter computes for every tracked point the corresponding 3D point from the correspondence
to reference image (given by the matching) and the correspondence to the mapping Omar (see Figure 4). The pose
estimation is done with a Levenberg-Marquardt optimization to estimate the pose by minimizing the reprojection
error. For every tenth input image the pose estimation is performed with a RANSAC based computation in order
to eliminate outliers. The matching, tracking and 2D-3D-corresponcences filters are executed in parallel on two
threads with two different image resolutions of 640 x 512 pixels and 512 x 410 pixels for an improved robustness.
The pose estimation is done with the output of both of the parallel computed correspondences.

Figure 4: Operating principle of the localization module. A matching between the reference image and the
camera stream allows a computation of the 2D-3D-point-correspondences. By tracking the 2D points in the
camera stream, the pose can be computed for every input image.
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3 Results

The system accuracy results from the accuracy of the transformations for instrument calibration T*Tcam, patient
registration “TTmap, including scaling sg, and localization MAPTcam. For a reliable evaluation, a measurement
setup with real test persons was developed for testing in the laboratory and an operating room in the Charité Berlin
(see Figure 5). Initially, 20 measurement points are marked with an erasable pen on the test person. Additionally,
20 torus-shaped targets, which can be detected on a laser scan, are fixed on each mark (see Figure 5 a). A laser
scan of the patient surface is then created and converted to DICOM data. The targets, which are removed after the
laser scan, define the position that is touched during measurement (see Figure 5 ¢ - ¢).

Figure 5: Measurement setup for the system accuracy. a) Marking of measurement points and targets, b) laser
scan of patient surface, c) detection of targets in 3D data, d) conversion to DICOM data, e) performing
measurement in different lighting conditions (laboratory and OR).

The measurements are done in three different lighting conditions, i.e. daylight, fluorescent (in the OR) and
operating light (in the OR). The root-mean-square (RMS) error varies from 2.4 mm to 6.4 mm (see Table 1). The
main error is present in z-direction (along the camera’s optical axis). Either this results from a bad resolution in z-
direction due to the single camera approach, or a wrong scaling sr in the registration process. The system operation
is tested for a measurement area of +5 cm and -10 cm around a defined target point and a +/-45 ° rotation around
the horizontal axis and a +/- 30 ° rotation around the vertical rotation axis. The processing time of the modules are
for CT surface extraction 6 s, mapping 25 s and point cloud registration 20 s. The current implementation of the
localization module processes 8 frames per second, but can be accelerated with a graphics processing unit.

Table 1: Root-mean-square error of the system accuracy for different lighting conditions.

Root-mean-square Ilumination
error Daylight Fluorescent lamp Operating light
Xrms [Mm] 1.7 2.4 2.4
Vims [Mm] 0.8 1.3 1.4
Zyms [MM] 1.4 5.7 5.7
Irms [Mm] 2.4 6.3 6.4
4 Discussion

In a further evaluation, the systematic error from the registration process is eliminated. This is done by correcting
the registration transformation and scaling so that the sum of the squared error between the target points zi and the

Table 2: Root-mean-square error of the system accuracy for different lighting conditions with a
correction of the registration.

Root-mean-square Illumination

error Daylight Fluorescent lamp Operating light
Xms [MM] 0.7 0.5 0.8

Yrms [Mm] 0.7 1.2 1.5

Zrms [Mm] 0.7 1.4 1.1

Trms [MM] 1.3 1.9 2.0
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measurement points mi is minimized. The scaling is varied between sx = 0.8 and sx = 1.2 with increments of 0.001.
This way the root-mean-square error of the system accuracy can be reduced to 1.3 mm to 2.0 mm (see Table 2).
The correction factor for the scaling sg varies between 0.99 (daylight measurement), 0.92 (fluorescent lamp) and
0.94 (operating light). This correlates with the error 1ms in z-direction for the varying lighting conditions and
allows to conclude that it results mainly from a scaling error in the registration. From this results can be concluded
that the measurement results for the system accuracy include a systematic error that is mainly present due to the
registration process. Especially a large deviation in the scaling factor leads to larger errors in z direction and a
decline in the overall measurement precision.

5 Conclusion

In this work methods for camera-based surgical navigation, with a navigation based on the surface structure of the
patients face is developed and evaluated. The measurement technology of the system is a HD-camera that is
integrated on a surgical instrument. This software solution can replace or supplement sophisticated and expensive
state of the art systems, which reduces hardware costs and space requirement in the OR.

A functional prototype was implemented and tested in the laboratory and an operating room. The root-mean-square
error of the system between 2.4 mm and 6.4 mm varies with different lighting conditions. The main error results
from an incorrect scaling of the mapping in the registration process, which is subject to future work. With a
corrected registration, the RMS error of the system lies between 1.3 mm and 2.0 mm.
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Abstract

Pancreatic cancer is the deadliest of the gastrointestinal tract with 5-year survival rates of less than 5%.
Irreversible-electroporation (IRE) is an ablation technique that spares vessels and is therefore suitable for
treatment of locally advanced and unresectable pancreatic cancer. Placing these needles resembles a major
challenge especially if the tumour is located nearby structures at risk such as the aorta, vena cava and portal vein.
Hereby we present the first experience from an animal trial using our computer-assisted planning and navigation
solution for laparoscopic needle guidance to support the surgeon during this difficult procedure.

Keywords: Pancreas, computer-assistance, needle guidance, minimally-invasive surgery

1 Problem

Local ablation is a treatment alternative for patients with unresectable pancreatic cancer. Irreversible-
electroporation (IRE) is a non-thermal ablation technique that spares vessels and thus is predisposed for
appropriate treatment of locally advanced pancreatic cancer [1]. Correct needle positioning and parallel placement
is a prerequisite for an efficient and complication-free IRE treatment. In our previous work we proposed a 2D/3D
planning and visualization solution to support the surgeon during the preoperative procedure and investigated a
large potential for intraoperative needle guidance during an evaluation with 8 medical doctors with an average of
70 pancreatic surgeries per year [2].

A minimally invasive laparoscopic approach has the potential to combine the advantages of both, the procedure
through open surgery and through CT-guidance. Navigated computer-assistance could support for tumour
localization as well as precise and safe needle placement according to the pre-planned strategy, thus avoiding
injury to vascular structures.

Stillstrom et al. have shown the feasibility of using a computer assisted navigation approach in placing the IRE
needles in a minimally-invasive setting [3]. Their work serves as a basis for our research to further develop the
existing solutions to assist the surgeon during the preoperative and intraoperative procedure.

Herein, we present the result of an animal study where we evaluated the applicability of computer-assisted
planning and navigation for pancreatic tumour ablation using a single needle in a laparoscopic setting.
Furthermore, we conducted the CT imaging with and without pneumoperitoneum and compared the registration
outcome. This work serves as a basis to investigate the applicability of our proposed workflow for the future IRE
use cases with multiple needles.

2 Material and Methods

The test site (IHU Strasbourg, France) consisted of a CT Scanner (Somatom Force, Siemens), a navigation system
(Cas-One, CAScination), and a laparoscopy system (Karl Storz). The animal was under general anesthesia and for
the study two artificial tumours were inserted percutaneously into the liver and pancreas body with the guidance
of the interventional radiology system (CAS-One IR). Next, two CT scans were performed with and without
pneumoperitoneum to evaluate the fiducial registration error (FRE) during the intraoperative navigation which
resembles the quality of the point-based registration. Our proposed workflow consists of two steps which are
described as follows.




CURAC 2018

2.1 Pre-operative planning

The CT scans were performed under apnea with 30 mm/Hg pressure and segmented using a commercially available
software (Myrian, Intrasense), specifically targeted for segmentation of abdominal structures like the liver and
pancreas parenchyma with tumours, aorta, vena cava and portal vein. The data were imported into the navigation
system and the planning of a needle for each tumor was conducted using the developed planning solution (see
Figure 1). The software gives the surgeon the ability to pre-operatively define targeting strategies using the CT
image data and 3D reconstructions. In our use case a single needle was planned to evaluate our proposed workflow
by means of targeting accuracy and overall feasibility. In previous work we have shown the potential of the 3D
planning for multiple needles in pancreatic IRE treatments as it provides the surgeon the possibility to better
prepare for the upcoming procedure [2].

Figure 1: CT scan (pneumoperitoneum) and 3D reconstruction with planned trajectory

2.2 Intra-operative navigation

Using the planning data, the surgeon can perform a rigid registration using surface landmarks acquired by an
optically tracked instrument. A rigid pointer with the length of 350mm was attached with a marker shield and
calibrated. For the evaluation four corresponding point pairs were acquired on the organ surface of the liver (2),
pancreas (1), and spleen (1). The landmarks were chosen after the surgical exploration (see Figure 2). The
developed software allows the surgeon to define points on the CT image data as well as on the 3D reconstructions.
The software tracks relevant data related to the acquisition attempts and re-calculates the FRE once a new point
pair is acquired. The outcome is used to compare the conventional and pneumoperitoneum approach. Once a rigid
transformation is calculated, the defined and acquired points are visualized in the 3D scene to give the surgeon a
visualization of possible outliers.

For the needle placement the CT scan with pneumoperitoneum was used under live endoscopic ultrasound control
and the animal was put under apnea during the insertion process. The needles were placed according to the planned
3D trajectory and the distance to the target was evaluated using the endoscopic ultrasound.
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Figure 2: Intraoperative setup

3 Results

The registration workflow was conducted twice (CT scan with and without pneumoperitoneum) with three
registration attempts each. When registering the non-insufflated scan, the mean FRE was located at 15.6mm with
an average of 4 minutes per registration attempt. These numbers decreased for the pneumoperitoneum approach
with a mean FRE of 8.7mm and an average time of 3 minutes per registration attempt.

The targeting of the liver tumour was conducted using the pneumoperitoneum approach and resulted in a
displacement of the needle to the tumour center by < 20mm while the second attempt was considered as successful
(< 10mm). Between these attempts the point pair acquired at the spleen was filtered out of the registration which
resulted in a better registration around the region of interest. The same misplacement was also observed during the
targeting attempt of the pancreatic tumour where the misplacement during the first attempt was even larger with
< 30mm. The second attempt resulted in a slightly decreased misplacement, yet the accuracy was not as good as
the targeting approach of the liver tumour.

Figure 3: Targeting attempts visualizing the liver (left) and pancreas approach (right).
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4 Discussion & Conclusion

In this work, we presented the feasibility of a computer-assisted planning and navigation approach for the
placement of ablation needles in the liver and the pancreas. The planning enables the surgeon to pre-operatively
define targeting strategies based on the 2D and 3D image data and thus better prepare for the upcoming procedure.
Intraoperatively, we investigated that the system assists the surgeon to localize the tumour during the surgical
exploration. It can be stated that for an accurate targeting according to the pre-operatively defined plan multiple
factors must be considered. First, the CT scan with the pneumoperitoneum enabled better registration which was
an expected result but is not easy to accomplish due to the small number of hybrid operating rooms. The
conventional method still provides a sufficient registration result for the localization of the tumours. It needs to be
said that one part of the improvement between the conventional and pneumoperitoneum approach can be explained
that the surgeon became more familiar with the workflow. Furthermore, landmarks near the region of interest
result in a better registration. The larger misplacement in the pancreatic targeting approach can be explained by
the location of the registration points closer to the region of the tumour in the liver. Therefore, our the navigation
solution enables the surgeon to acquire as many point pairs as necessary and provides the possibility to filter out
certain pairs. This allows to easily adjust the registration for each tumor in case they are located at different spots.
Beside the surface landmarks an ultrasound-based approach to acquire landmarks on internal structures need to be
considered, especially in the pancreatic use case. We are currently working on the solution to track the laparoscopic
ultrasound using electromagnetic tracking. One of the major challenges resembles the freehand navigation to
follow the planned trajectory. Therefore, an approach with a tracked aiming device, commonly used in
interventional radiology, will be investigated in the future.

In respect of the usage of multiple needles used for the IRE procedure we see a large potential for this workflow
to, on the one hand allow the surgeon to pre-operatively define the IRE strategy, and on the other hand to assist
during the needle placement while considering different constraints such as parallelism, spacing between the
needles and anatomical structures at risk. Finally, this solution shall enable more minimally-invasive IRE
treatments for patients with locally advanced, unresectable pancreatic cancer
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Abstract

Pancreatic cancer has one of the highest mortality rates with a 5-year survival of less than 5%. Only about 10%
of pancreatic cancers are curatively treatable with surgery. Irreversible-electroporation (IRE) represents a
treatment method for advanced and unresectable pancreatic tumors. Due to the complex anatomy around the
pancreas, this procedure is mostly performed in open surgery under intra-operative ultrasound guidance.
Image-guidance could potentially allow the safe treatment in a percutaneous approach, which would lead to
lower complication rates and shorter hospital stays.

Keywords: Pancreas, minimally-invasive surgery, stereotactic image-guidance

1 Introduction

Only about 10% of patients with pancreatic cancer are treatable with resection, which is considered the only
curative treatment option. Local ablation is an alternative for advanced and nonresectable pancreatic cancer.
These tumors have usually grown around the pancreatic duct and other blood vessels and therefore a non-thermal
ablation technique must be used to preserve these vessel structures. Irreversible electroporation (IRE) is such a
non-thermal ablation method, which induces apoptosis of cells by applying an electric field but does not the
affect the connective tissue of vessels [1]. Due to the proximity of the pancreas to critical structures, this
treatment is mostly performed using an open surgical access, which comes with high complication rates and long
hospital stays.

The percutaneous access represents a minimally invasive approach for IRE treatment in the pancreas. However,
due to the proximity of large blood vessels (aorta, vena cava, portal vein) it is a very challenging and risky
procedure. Due to the location of the pancreas, a transgastric trajectory would be the shortest if targeted from
them the anterior abdominal wall [2, 3]. As the stomach is usually filled with air it is not possible to use real-
time ultrasound imaging for needle guidance. Relying on pure CT guidance exposes the patient and the
interventionalist to a large amount of radiation. Additionally, as the needle must pass through multiple air-tissue
interfaces, the needles are prone to bending. Therefore, stereotactic image-guidance might help to overcome
these technical challenges and therefore making the percutaneous approach safer and more efficient. This would
come with the advantages of percutaneous over open surgery such as less complications and faster recovery.

In this study, we present an initial animal case of a percutaneous transgastric IRE needle placement for
pancreatic tumors in an animal trial.

2 Material and Methods

For planning and placement of the IRE needles (Nanoknife, Angiodynamics) a navigation system for
interventional radiology (CAS-One IR, CAScination AG) was used. The animal was under general anesthesia
during the whole treatment. First, an artificial tumor consisting of Arginate was percutaneously injected into the
head of the pancreas using the navigation system. Then, a contrast enhanced CT (CECT) was acquired for
planning of the needle trajectories. Each needle was placed through the skin and the stomach using the tracked
aiming device of the navigation system. After all needles were placed, a control CT scan was acquired to
validate the accurate needle positioning with respect to the plan. During all CT acquisitions and during the
needle placement, the animal was put on apnea with 30 mm/Hg pressure.
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Figure 1: A top view and lateral view of the needle with respect to the tumor

Results

All three IRE needles could be safely placed around the tumor through the stomach (Figure 1) with lateral errors
of 0.2, 7.1, and 4.5 mm. Due to the vicinity of the needles to the portal vein, they were placed shorter than
indicated by the navigation system, with a longitudinal distance to the tumor of 6.1/, 4.5, and 1.0 mm, and
adjusted after the control scan. In the volume rendering (Figure 2), one can see that one needle was heavily bent,
which led to a lateral error of 7.1 mm.

4

Figure 2: Volume rendering

Discussion

In this study, an IRE needle placement for a pancreatic tumor was successfully performed using stereotactic CT
based image-guidance. The CT based planning was especially useful to plan safe trajectories with a sufficient
distance to critical anatomical structures like the portal vein or the aorta, while meeting the technical constraints
of the IRE system (needle spacing and parallelism).

To conclude, this image-guided approach might represent a safe and efficient approach for percutaneous IRE
treatment of unresectable pancreatic cancer as an alternative to the open surgical approach.
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Abstract

In the past we have developed a micro-stereotactic targeting system to enable an image-guided, minimally
invasive access to the inner ear in orvder to reduce intraoperative trauma to the patient in cochlear implant (CI)
surgery. The system consists of a reusable, bone-anchored frame and a customized drilling jig. Recently, a
profound preclinical evaluation of the system has been started regarding accuracy, handling, and safety issues.
Full head cadaveric specimens are used in order to test the whole surgical procedure. In the following,
preliminary results after the first five specimens are presented.

Keywords: image-guided surgery, micro-stereotactic frame, drill guide, drilling accuracy, direct cochlear access.

1 Problem

A minimally invasive approach to the inner ear requires drilling of a single bore hole from the surface of the
skull down to the cochlea. The straight path typically passes the facial recess—a narrow region between the
facial nerve and its branch chorda tympani. Therefore, high accuracy is mandatory. As the average diameter of
the facial recess is only approx. 2.5 mm [1] the safety margins to the nerval structures as well as the allowable
diameter of the bore hole and are limited. In addition, the size of the surgical access to the inner ear needs to be
large enough to perform the insertion of the electrode array of a cochlear implant (CI). It is known from previous
studies by Labadie et al. [2,3], that sufficient accuracy can be achieved using customized micro-stereotactic
frames, which are rigidly fixed to the bony skull. Such a system serves as a drill guide, constraining the drilling
direction to a predetermined trajectory, which is planned using patient-specific image data. A major drawback of
the existing concepts is that neither 3D-printing of the STarFix [2] nor milling of the Microtable [3] allow for
rapid customization under sterile conditions.

In order to overcome these limitations, we developed a two-part micro-stereotactic concept [4] that is driven by
the aim to enable patient-specific fabrication during the surgery under sterile conditions. Thus, the customization
procedure is simplified: Now, only a single counterbored hole needs to be drilled into a blank in order to finish a
patient-individual jig. This drilling jig is deployed onto a bone-anchored carrier frame to establish a rigid
fixation with the patient’s head. A standardized mechanical coupling interface links both parts of the micro-
stereotactic system. The carrier frame serves also for image-to-patient registration and, therefore, is equipped
with four spherical markers. Up to now, only the accuracy of fabricating the individual drilling jig was
investigated and was found to be 0.11 mm £ 0.04 mm [5]. However, determination of the overall drilling
accuracy including all clinically relevant steps of the procedure (see Figure 1) is still missing, which was aim of
the presented study.

In the following, preliminary results of the first evaluation study in a preclinical setting using full body donors
are presented. This study was motivated by the following questions and issues: Is it possible—using that
system—to drill through the facial recess without unexpected damage to vital structures? Which accuracy can be
achieved when drilling is performed in the inhomogeneous bone material of the mastoid? Furthermore, we
wanted to collect practical experience and surgical feedback for the further development of both hard- and
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software components of the system; especially regarding the bone anchoring, imaging quality, and path
planning. A minimum of 12 trials are planned. Preliminary results of the first five trials are reported in the
following.

PLANNING TEMPLATE-GUIDED DRILLING EVALUATION

* Mark incision sides « Calculate leg lengths * Remove jig

* Make skin incisions » Set leg lengths * Insert titanium rod

» Anchor Trifix on skull « Individualize the jig » Acquire 2nd CBCT scan

» Acquire CBCT scan * Insert drill guide into jig * Fit rod with cylinder model

» Transfer DICOM data « Fit jig onto Trifix * Register both scans

* Localize registration markers » Adjust depth stop * Measure deviation to planning

» Perform path planning « Drill access to middle ear » Perform mastoidectomy

G

Figure 1: Flowchart of steps involved for preclinical evaluation.

2 Material and Methods

For preclinical evaluation five Thiel-fixed [6], anonymized, donated human bodies were used under approval of
the authors’ institutional review board. Only the left side of each head was used within this study. At the
beginning of the procedure, the reusable reference frame, referred to as ‘Trifix’ in the following, had to be fixed
to the skull using three self-drilling and self-tapping bone screws (see Fig. 2a, including steps I-III described in
Fig. 1). The position of the Trifix was chosen by the surgeon just behind the pinna with respect to the expected
drill path. Afterwards, imaging was performed (Fig. 2b, step IV) using a mobile, intraoperative cone beam
computed tomograph (CBCT, xCAT, Xoran, Ann Arbor, MI, USA) with an isotropic voxel size of 300 pm. All
scans were checked for proper bone fixation of the screws and visibility of the complete reference frame
including all four spherical registration markers.

Approved image data were transferred (step V) to MacBook Pro and loaded into 3DSlicer 4.8.1 with custom-
made extensions for semi-automated sphere detection (VI, Fig. 2d)) as well as path planning (VII, Fig. 2c).
Using these tools, a safe trajectory was planned manually passing through the facial recess without violating
surrounding vital structures of the temporal bone. Special focus was set on preservation of the facial nerve and a
drill path which keeps the bony wall of the outer ear canal intact. In one case—due to a narrow facial recess—
chorda tympani was sacrificed in order to keep a sufficient safety margin to the facial nerve. Drilling was
planned to stop after reaching the middle ear. Start and entry point of each trajectory, relative to the carrier
frame, were used to compute the inverse kinematics of the ‘Jig Maker’ (see below).

Figure 2: (a) Trifix attached to the patient’s skull just behind the pinna. Two dowel pins (black arrows) on its
surface allows connecting the jig to the reference frame in a free-of-play manner. Four spherical markers
(white arrow) serve for image-to-patient registration. (b) Patient’s head with mounted reference frame (white
circle) inside the xCAT CBCT scanner. (¢) Screenshot of the trajectory planning using a custom-made 3DSlicer
plug-in. (d) Detected position of the registration marker indicating low fiducial registration error.
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The individual part of the micro-stereotactic system was fabricated out of a blank (ULTEM 1000 resin) using a
self-constructed device, referred to as Jig Maker in the following (Figure 3a, [5]). In that device, the blank is
temporarily fixed using the same mechanical coupling interface, which is identical to the one on the surface of
the Trifix. Adjustment of position and orientation in a patient-specific manner is conducted by use of a pose
setting mechanism, which is a Stewart-Gough-Platform (Hexapod) with 6 degrees of freedom. The lengths of all
six legs of the hexapod were manually adjusted (step IX) using values provided by the planning software (VIII)
written in Python using the libraries NumPy [7] and Plotly. After length setting the main axis of the drill bit is in
coaxial alignment with the planned trajectory. A special polymer drill bit was designed which enables drilling a
counterbored hole with (12.5 and 15.0 mm in diameter, Fig. 3b) in a single-shot process. The drilling machine
was manually advanced (step X).

Afterwards the jig was removed from the Jig Maker and equipped with a drill guide (step XI) suiting custom-
made twist step drill bits with a diameter of 4.0 mm at the base and 1.8 mm at the tip. The whole assembly was
mounted onto the Trifix (XII, Fig. 3c). The twist drill bit was equipped with a set collar for mechanical limitation
of the drilling depth (XIII, Fig. 3d). The distance from the drill’s tip to the set collar was measured during
trajectory planning. Using the guidance of the jig, the access to the middle ear was drilled by the surgeon (XIV,
Fig. 3d). Drilling was performed slowly applying only slight thrust and under continuous irrigation with water.
The drilling stopped when the set collar, attached to the drill bit, reaches the upper drill bushing.

After drilling, the surgical jig was unplugged from the reference frame (step XV) in order to get access to the
bore hole. It was flushed to remove bone dust. Following, a titanium rod with the same two-tier diameter like the
drill bit was inserted (XVI, Fig. 4a) to improve visualization of the bore hole in radiological imaging.
Afterwards, a second CBCT scan was acquired (XVII) to assess the actual drill path represented by clearly
visible titanium rod. Therefore, the titanium rod was manually fitted to a cylinder model with the correct
diameter of 4 mm (XVIII). Planning and drilling were compared by registration of both scans (XIX) using the
spherical registration markers of the Trifix. The deviation between the planned and drilled trajectory was
measured (XX, Fig. 4b) as the distance between the two center lines at the depth of the planned target point.
Finally, preservation of facial nerve and chorda tympani was assessed under the microscope after conventional
mastoidectomy (XXI).

Figure 3: (a) Jig Maker with the manual operated drilling machine on the left side and an opposite hexapod-
based mechanism for pose setting of the surgical jig. (b) Finalization of the blank by drilling a patient-specific
counterbored hole whose axis matches the planned trajectory. The hole serves as mounting port for surgical
instruments. (c) Jig mounted on top of the Trifix with inserted drill guide. (d) Drilling the minimally invasive
canal down to the middle ear under permanent irrigation.

In the last specimen, feasibility of inserting a commercially available electrode array was evaluated. In order to
perform manual insertion using only common otological instruments, a tympanomeatal flap was created through
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a retroauricular incision. This enables access to the promontory and allows for visual control using a
conventional microscope. A Flex™ electrode array (MED-EL corporation, Innsbruck, Austria) was threaded
through the drill canal and advanced into the cochlea.

3 Results

Minimally invasive mastoidectomy approach could be successfully performed in all five patients demonstrating
the feasibility of this approach (Figure 4). The facial nerve was preserved in all cases. Chorda tympani was
sacrificed in one case as accepted during planning. The difference between the planned and the drilled trajectory
was found to be 0.40 mm + 0.30 mm including one case with a deviation of approx. 0.94 mm. During the trials,
we could immediately identify a human error in setting the length of one leg of the hexapod as the reason for this
unexpected difference. After calculating the target error without the human component in adjusting the Jig
Maker, the drilling accuracy in that specimen would be 0.09 mm. Without that outlier the average accuracy in
this study was 0.27 mm £ 0.05 mm.

Figure 4: (a) Bore hole with inserted titanium rod after removing the surgical jig. (b) Images from the second
CBCT scan showing good compliance between the drilled canal and the originally planned trajectory.

Table 1: Results of comparing the planned trajectory with the drilled one. Target error was measured as the
distance between the two center lines at the planned target point. Average value marked with asterisk (*) is
calculated without specimen #03. FRE: fiducial registration error; SD: standard deviation.

specimen FRE drill depth target error
[mm] [mm] [mm]
01 0.077 18.7 0.24
02 0.068 224 0.31
03 0.030 22.8 (0.94)
04 0.047 25.9 0.22
05 0.069 23.7 0.31
mean + SD 22.7+£2.6 0.40+0.30
(0.27 £ 0.05)*

One specimen showed an unusual thick skin flap. Due to the limited length of the Trifix’s legs bone fixation was
not possible through small skin incisions. Instead, a large retroauricular incision was conducted in order to
exposure the bone behind the pillar for sufficient fixation of the reference frame.

It was possible to push the electrode array through the minimally invasive drill canal into the middle ear and
further through the round window membrane into the inner ear using standard instruments. Post-experimental
CBCT imaging confirmed correct location of the electrode inside scala tympani (Figure 5).
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Figure 5: Radiographic images showing the intra-cochlear position of the lateral wall electrode array as well as
its lead running through the drill canal.

4 Discussion

The presented trials are part of a first preclinical evaluation of the micro-stereotactic surgical targeting system in
order to investigate its usability in human cadaveric temporal bones. This study covers the whole surgical
workflow including preoperative imaging and planning, manufacturing of the surgical jig, drilling the minimally
invasive tunnel through the mastoidectomy posterior tympanotomy approach (MPTA), and finally cochlear
implant electrode insertion.

The complete workflow was feasible for all specimens (excluding electrode insertion which was performed in
only one case). Facial nerve could be preserved in all cases, which was evaluated both, in post-experimental
CBCT imaging, as well as histological evaluation using a conventional mastoidectomy. Apart from one outlier,
the deviation between planning and drilled trajectory was sufficient good for minimally invasive cochlear
implantation using the MPTA. Accuracy is in the same range as of the Microtable (0.31 + 0.10 mm, [8])—
another, already clinically evaluated micro-stereotactic system [3].

More detailed analysis of the outlier discloses a human error during manual length setting of the legs of the Jig
Maker. Further quality measures, like multi user readings, as they are common in the clinical routine, can be
implemented easily to limit such human errors. However, the other trials showed that manual length setting is
feasible with high precision.

Overall, the whole process seems to be very robust. Cases where a leg of the frame showed insufficient contact
to the skull surface (i.e. due to soft tissue in between the base and the skull surface) were clearly identified in
radiological images. Based on these findings it was decided to revise bone fixation in two cases to ensure
maximal stability of the bone anchorage. The critical steps of manufacturing the surgical jig using the Jig Maker,
and drilling inside the inhomogeneous temporal bone contributed very little to the total error. The average error
being smaller than the resolution of the CBCT images showed that deflection of the thin drill bit does not seem
to be a problem in the hard cortical and mastoid bone.

At the current stage the most time-consuming steps of the whole procedure are planning and electrode insertion.
For clinical implementation, a user-friendly planning software, providing tools for (semi-)automated
segmentation and trajectory planning, is under development. In addition, we are working on insertion tools [9] to
further simplify the process by waiving the tympanomeatal flap.

5 Conclusion

Preliminary results demonstrate the feasibility of a minimally invasive mastoidectomy approach using the
developed micro-stereotactic frame. One crucial step is bone anchoring of the carrier frame as one has to ensure
that all three bone screws are sufficiently fastened in the skull. This seems to require some amount of experience
and practice. Another security relevant issue is manual adjustment of the hexapod’s legs, which is a potential
source of individual errors. However, this can be overcome either by automatization of the hexapod or by
additional security measures of the jig.
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Abstract

Despite a multitude of available neuropsychological test batteries and computer-assisted systems for image-
guided interventions, language-eloquent tumors in neurosurgery are still subject to heterogeneous best practice
models in both performance and evaluation. Different established mapping modalities and standards for routine
preoperative and intraoperative language assessment complicate the development of advanced, safe, patient-
tailored protocols for awake language testing. To validate our institutional approach and facilitate the
integration of additional patient-specific functional data for surgical guidance, we set up a multi-source
intraoperative documentation system and conducted a pre-clinical feasibility study. The overarching goal was to
guarantee a reproducible and interoperable solution that can be implemented into surgical routine workflows
providing comprehensive high-quality data on patient performance during language testing.

Keywords: awake surgery, language mapping, intraoperative documentation system

1 Problem

In eloquent brain tumors, careful balancing of tissue removal and functional integrity is a major part of the
surgical strategy. Non-invasive brain mapping helps to assess the patient’s functional profile before the
operation. During awake surgery, additional mapping and monitoring data are acquired through both active task
performance and passive recordings with and without electrical stimulation of brain tissue. Awake surgery
remains the gold standard for treatment of language-eloquent tumors to date [1]. However, interpreting and
classifying those language mapping results beyond ad-hoc intraoperative decision-making remains a logistical
challenge. Several data sources support the surgical removal of tumor tissue in language-eloquent areas:
neuronavigation including preoperative language mapping data (e.g., navigated transcranial magnetic stimulation
(nTMS) and white matter tractography), direct electrical brain stimulation during microsurgery, intraoperative
neuromonitoring (IONM) (including surveillance of epileptic activity and motor function), and patient
performance in language tasks (Fig. 1). It takes a team of specialists to combine and apply that intraoperative
information to the individual case. Still, postoperative evaluation is complex due to different data formats,
single-source data recording streams and lack of sufficient temporo-spatial information. This also affects the
validation and further development of both non-invasive and invasive brain mapping techniques. Thus, the aim
of this project was to find a clinically applicable solution to a) document all information sources time-
synchronously for subsequent in-depth analysis and correlation with clinical outcome, and b) prepare the
comparison of language performance across individual patients with respect to stimulation site, language task
and electrical brain activity. Device interoperability had to be ensured, as the recording setting would comprise
five different intraoperative sources from different manufacturers.

2 Material and Methods

Our standard workflow includes preoperative language examination by clinical tests and nTMS, followed by
presurgical planning using nTMS-positive and negative spots and tractography of major language fascicles
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(iPlan Net 3.6, Fibertracking Element 1.0, Brainlab AG, Munich). Anatomical and functional data is then being
transferred to the neuronavigation system (see below). Awake language mapping tasks (e.g., picture naming) are
shown to the patient on a tablet computer (see below) during cortical (bipolar, using a fork probe) and
subcortical (monopolar, using the Mapping Suction Probe by Raabe, Inomed, Emmendingen) direct electrical
stimulation (DES). Patient performance is reported to the surgeon and video-recorded for subsequent in-detail
analysis of error types. Areas identified as language-eloquent during stimulation are saved as spatial coordinates
in the neuronavigation software as well as microscope screenshots. Rather than for purposes of documentation
and scientific evaluation, existing custom-made single-center solutions such as the intraoperative testing
platform [2] or the intraoperative examination monitor for awake surgery [3] have been designed to support the
task performance in patients and/or share information on the patient’s performance directly with the surgeon on a
dedicated screen. After an extensive market research, we decided to use a multi-component system consisting of
commercially available devices: a laptop (MacBook Pro, Apple Inc., Cupertino), a screen splitter (MultiView 16,
BlackMagic Design, Port Melbourne) and a video recording adapter (Intensity Shuttle, BlackMagic Design, Port
Melbourne), interconnected to sources via converters where necessary (HDMI/SDI Mini Converter, BlackMagic
Design, Port Melbourne). The recorded stream includes the surgical microscope (OPMI Kinevo 900, Carl Zeiss
Meditec AG, Oberkochen)[1], a patient face camera with clip microphone (HD Camcorder, Panasonic
Corporation, Kadoma)[2], a tablet computer (LifeTab P10505 64GB 10,1” with Android 5.1, Medion AG,
Essen)[3] with the intraoperative language task set in PowerPoint format, the neuronavigation system (Curve
with Cranial Navigation 3.1, Brainlab AG, Munich)[4] and the neuromonitoring cart (ISIS IOM System,
Inomed, Emmendingen)[5] (Fig. 2). As preset recording layout grids are currently limited to 2x2, 3x3 or 4x4
split screens, we created a shell script using FFmpeg (FFmpeg project, GNU LGPL 2.1/GPL 2.0) that removes
all redundant screens creating a 2x2 grid layout with the fifth source added using the picture-in-picture feature
(4+1 grid). This customization is done in post-processing. The complete setup has been tested for feasibility and
consistence during a number of laboratory and pre-clinical tests in the operating room (OR).

Fig. 1: Current intraoperative setup of awake mapping technology (highlighted from left to right:
surgical microscope video, patient face, tablet computer, neuromonitoring, navigation camera)

Fig. 2: Schematic view of intraoperative documentation sources
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3 Results

For pre-clinical simulation of intraoperative routine settings, the system has been positioned on a mobile
equipment cart on the right side of the OR table beside the anesthesia team. During tests, all data sources have
been successfully connected with the documentation system and recording software (Blackmagic Media
Express, BlackMagic Design, Port Melbourne), which confirmed the desired interoperability of its components
(Fig. 3). In comparison with other customized solutions, the system’s complexity proved compatible with
clinical conditions so far (e.g., required space, time needed for setup, access to and wiring of devices). The video
signal of all sources has been robust, high-quality video post-processing being fast and reliable. Time
synchronization through the recording software proved sufficiently precise for comparative analysis of
stimulation site and response during proband testing. Due to general availability and affordability of all
components used, the setup can be easily reproduced for future work.

'm A=
B Ty
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Fig. 3: Pre-clinical test of recording setup with proband in the OR setting

4 Discussion

While electrical mapping of brain functions during awake surgery constitutes one of the most insightful
neuroscientific setups to enhance our understanding of brain function, the documentation of intraoperative
interventions and resulting behavioral effects is rudimentary. In the process of updating our awake surgery
protocol, we decided to standardize its documentation and evaluation in preparation of future adjustments and
efforts of mapping validation. Instead of indirect filming of screens, all sources are recorded directly.
Particularly the integration of IONM in such a documentation setup has, to our knowledge, not been done before,
facilitating a better linguistic error categorization by using a more advanced analysis of electroencephalography
and stimulation data to differentiate between causes of task errors. The video signal use of the neuromonitoring
cart allows for situative reconstruction of the IONM examination by showing what was visibly measured at a
certain point during surgery. It does not, however, enable the analyst to alter display parameters such as
amplification or write speed, limiting the analysis to the intraoperative status of data utilization. Further
exploration and quantification of this restriction as well as of any potential signal delay will follow with more
extensive live recordings during upcoming clinical tests.

5 Conclusion

In despite of most surgical systems’ integrated functions for video recording and connector outputs, there is no
plug-and-play solution for surgical documentation in the OR. We were able to integrate devices from multiple
vendors in a single time-synchronous documentation system adjusted to actual clinical and scientific demands.
By replacing previous standards of observer-based paper documentation, we solved the preexisting dilemma of
post-hoc analysis of comprehensive awake language mapping at our institution. In the next phase, we will
evaluate a series of 10 consecutive awake surgeries using this documentation setup. Particularly the patient-
tailored selection of cognitive and executive tasks is expected to greatly benefit from standardized assisted
documentation and evaluation.
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Abstract

Hyperspektrale Bildgebung stellt eine neue Moglichkeit dar um Gewebeperfusion bei viszeralchirurgischen
Eingriffen priziser einschitzen zu konnen. Im Rahmen dieser Arbeit wurde ein derzeitig verfiigbares
Hyperspektralkamerasystem bei verschiedenen viszeralchirurgischen Anwendungsszenarien getestet. Danach
wurden funktionale und nichtfunktionale Anforderungen an ein solches System zur optimalen klinischen Nutzung
abgeleitet. In weiteren Arbeiten gilt es diese umzusetzen, um ein HSI-System erfolgreich in den klinischen Alltag
zu integrieren.

Keywords: Hyperspektrale Bildgebungstechnologie, Viszeralchirurgie, Operationssaal

1 Problemstellung

Jede dritte Krebserkrankung in Deutschland betrifft die Hohlorgane wie beispielsweise den Darm (2014: 83.370
Fille) [1]. Bei Operationen des Magen-Darm-Trakts spielt eine genaue Beurteilung der Gewebedurchblutung
eine wichtige Rolle fiir den Erfolg der Eingriffe. Somit erfolgt standardweise die herkdmmliche intraoperative
Beurteilung der Durchblutungssituation durch den tastbaren Puls der vorsorgenden Gefdf3e und die Rosigkeit
bzw. Vitalitdt der gastrointestinalen Strukturen. Das komplexe System der Durchblutung des Magen-Darm-
Trakts ist fiir das bloBe Auge des Chirurgen im operativen Situs nicht mit absoluter Genauigkeit und objektiv-
reproduzierbar zu evaluieren. In den letzten Jahren wurde die Near-InfraRed (NIR)-Fluoreszenzbildgebung mit
IndoCyanine-Griin (ICG) im Rahmen von Forschungsprojekten ausgewertet. Die Nutzung der
Bildgebungsmodalitit wahrend der Operation hat beigetragen, die Komplikationen zu reduzieren [2, 3]. Dennoch
stellen hierbei die subjektive Evaluation der Fluoreszenz-Intensitéit durch die visuelle Beurteilung des Chirurgen
sowie die Invasivitit der Methodik mittels in vivo-Verabreichung des Farbstoffs gravierende Limitationen der
Technologie dar. Zudem stellt das Verfahren nur die Durchblutung von Gewebe dar, es ist aber keine
funktionelle Bildgebungsmodalitdt. Somit sind objektive und prézise, quantitative und moglichst nicht-invasive
Messmethoden der Perfusion (Durchblutung und Sauerstoffséttigung) erforderlich, um klare Grenzwerte
zwischen normaler und kritischer Perfusion aufzuzeigen und konsekutiv Komplikationen und deren Folgen zu
vermeiden.

Hyperspectral-Imaging (HSI) ist ein relativ neues Bildgebungsverfahren, das fiir die Erkennung von Strukturen
und fiir die Auswertung der Gewebedurchblutung im Viszeral- und Thorax-Bereich im Forschungsfeld
vielversprechende Ergebnisse gezeigt hat. Das Verfahren kombiniert das Prinzip der Spektroskopie mit der
Bildgebung, die man von herkdémmlichen visuellen Kameras kennt und erfordert keine Gabe eines
Kontrastmittels. Zudem konnen Messdaten iiber groBere flachenhafte Messbereiche aufgenommen werden,
wodurch die Reduktion lokaler Variationen und damit stabilere Resultate ermoglicht werden. Das System
generiert Absorptionsspektren, die fiir die Analyse der Daten weiter verarbeitet werden sollen. In der Literatur
vorgestellte experimentelle und auch klinische Untersuchungen belegen die grundsétzliche Nutzbarkeit der HSI
Technologie und das hohe Potential zur objektiven Bestimmung relevanter Durchblutungsparameter [4,5].

Im Rahmen dieser Arbeit wurde basierend auf ersten viszeralchirurgischen Untersuchungsreihen die
intraoperative Anwendbarkeit hyperspektralbasierter Technologie zur Beurteilung von Gewebedurchblutung
analysiert.
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2 Material und Methoden

2.1 HSI-System

Die HSI-Aufnahmen wihrend der Eingriffe wurden mit dem TIVITA™ Tissue Kamerasystem von der Firma
Diaspective Vision (Am Salzhaff, Deutschland) durchgefiihrt (Abbildung 1). Die Kamera nimmt den
Spekralbereich von 500 bis 1000 nm auf (Auflosung: 5nm). Die Aufnahmefldche kann bis zu 13x10 cm grof3
sein. Das Kamerasystem besteht aus einen Push-Broom-Spektrographen, welcher fiir die spektrale
Datenaufnahme entlang der x-Achse zustdndig ist, und einem CMOS-Kamerasensor, welcher mit Hilfe einer
USB3-Schnittstelle und einen Schrittmotor die Daten des Spektrographen in y-Richtung aufnimmt. So entsteht
ein sogenannter 3D-Datenwiirfel. Die x- und y-Achse bilden die rdumlichen Dimensionen ab, wobei die z-Achse
die Wellenldngen reprédsentiert. Als Beleuchtungseinheit wurden acht 20 W Halogenlampen verwendet. Im
Abstand von circa 30 cm zum Objekt wurden mit Hilfe der Kamera die Aufnahmen durchgefiihrt. Eine
detaillierte Beschreibung des technischen Prinzips ist in der Arbeit von Holmer et al. [6] beschrieben.

Die Analysesoftware verarbeitet die Daten und generiert ein RGB-Bild (640 x 480 Bildpunkte) sowie je ein
Falschfarbbild fiir die Parameter Gewebeoxygenierung (StO2), Gewebe-Hamoglobin- (THI), NIR-Perfusion-
und Gewebe-Wasser-Index (TWI). Die Berechnung dieser Parameter erfolgte mit Hilfe eines
kameraspezifischen Softwarepakets namens TIVITA™ Suite. Diese Software ermdglichte es die Auftnahmen des
Patienten néher zu untersuchen.

2.2 Klinische Anwendungsszenarien

Es wurden drei verschiedene intraoperative Szenarien untersucht.

In der ersten Untersuchungsreihe wurde eine Schlauchmagenbildung bedingt durch Speiserdhrenkrebs
untersucht. Dazu wurde der gebildete Schlauchmagen direkt vor Verbindung der Gewebe mit einer HSI-Kamera
aufgenommen. Ziel der Aufnahme war die Analyse des Schlauchmagens mittels Hyperspektralbildgebung (HSI)
bei Patienten ohne vs. mit ischdmischer Konditionierung um kritische Durchblutungszustinde friithzeitig zu
diagnostizieren. Aus den Aufnahmen mit hoher raumlicher und spektraler Aufldsung wurde je ein Falschfarbbild
fiir die Parameter StO2 und TWI und fiir einen angepassten THI, Organ-Hédmoglobin-Index (OHI) genannt, und
die Mittelwerte deren zur Gegeniiberstellung der verschiedenen Patientengruppen berechnet. Die Lokalisation
der spéteren Anastomose ist durch eine Pinzette auf den HSI-Bildern markiert wurden.

In einer weiteren Untersuchungsreihe wurde bei Patienten nach zentraler GefédBabsetzung und vor
Durchtrennung bei Kolonresektionen die Perfusion des Darmes gemessen. Ziel dessen war es die subjektive
Einschitzung des Chirurgen mit den objektiven Messungen der Hyperspektral-Bildgebung hinsichtlich der
Festlegung der Resektionsgrenzen zu untersuchen. Am Patientensitus wurde dazu nach der Durchtrennung jede
Minute eine HSI-Aufnahme durchgefiihrt (n = 15). Auf dem berechneten Gewebeoxygenierungsbild konnte dann
die Resektionsgrenze identifiziert werden.

Um objektive Kriterien zur Beurteilung der Darmperfusion zu erhalten, wurde ein Patient mit Darmischédmie
hyperspektralbasiert untersucht. Dazu wurde mittels HSI-Kamera der Diinndarm im Situs und das
Operationspriparat untersucht und folgende Parameter erhoben: Gewebeoxygenierung, Nahinfrarot-Perfusions-
Index und Gewebe-Wasser-Index. Danach wurde das gesamte Spektrum von 500 bis 1000 nm auf
Auffilligkeiten hin untersucht. Auch die Gewebeoxygenierung, Perfusion und der Gewebewasser-Index des
Darms wurden ndher betrachtet.
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Abbildung 1: Verwendetes HSI-System von der Firma Diaspective Vision GmbH (Am Salzhaff,
Deutschland) zur Aufnahme wdihrend chirurgischer Eingriffe mit einer Standfldche von ca. 0,25 m?
ohne Schwenkarm(rot: Beleuchtungseinheit mit Objektiv und Spektralkamerasystem an
Schwenkarm, blau: Softwareeinheit mit Stativ, griin: Stromversorgung),

3 Ergebnisse

Die klinischen Ergebnisse der drei verschiedenen Untersuchungsreihen waren vielversprechend. Das HSI-
System konnte zeigen, dass die Gewebeoxygenierung, der OHI und der TWI im markierten Bildbereich bei den
zwei verschiedenen Patientengruppen ohne und mit Prikonditionierung in der ersten Untersuchungsreihe
signifikant verschieden waren. Somit kann man die hyperspektrale Bildgebungstechnologie grundsétzlich bei
offenen viszeralchirurgischen Eingriffen, wie z.B. bei der Osphagusresektion, einsetzen. Auch zur Darstellung
der Perfusionsgrenze im Darm nach Resektionen in der zweiten Untersuchungsreihe zeigte das Verfahren eine
gute Anwendbarkeit. Die HSI-Kamera bietet eine objektivere Entscheidungshilfe zum Finden der
Resektionsgrenze. In der dritten Untersuchung zeigten sich die Indices fiir Gewebeoxygenierung und Perfusion
von nekrotischen Darmabschnitten erniedrigt (Abbildung 2). Der Gewebe-Wasser-Index war in den
minderperfundierten Diinndarmabschnitten erhoht. Auch zur Erkennung von Nekrose, zeigte sich eine typische
Bande des Absorptionsspektrums bei einer Wellenlinge von 630 nm (Abbildung 3). Somit ist auch mittels
intraoperativer Hyperspektralbildgebung, die Perfusion grenzwertig perfundierter Darmabschnitte bei akuter
Ischdmie im Darm objektivierbar.

Abbildung 2 Ein Beispiel fiir ein intraoperatives Bild eines schlecht durchbluteteten Gewebes (mit
Pinzette gekennzeichnet) (links RGB-Bild, rechts Nahinfrarot-Perfusion-Index)
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Abbildung 3 Ein Beispiel eines Priperats mit Absorptionsbande bei einer Wellenlédnge von 630 nm fiir leicht
nekrotische Abschnitte (gelb: nekrotisches Gewebe; rot: nicht-nekrotisches Gewebe)

Jedoch bietet bisher das HSI-System noch keine intraoperative Standardnutzbarkeit an. Es treten Verzdgerungen
bei Verwendung des Systems im OP-Ablauf auf. Zudem konnen die erhaltenen HSI-Daten noch nicht
automatisch viszeralmedizinisch interpretiert werden.

Somit konnen Anforderungen an ein hyperspektralbasiertes OP-Kamerasystem definiert werden. Als
nichtfunktionale Anforderungen sind besonders eine optimale Standfliche fiir das Kamerasystem mit
Schwenkarm und eine einfache Strukturierung der Bedienelemente zur benutzerfreundlichen Anwendung durch
das klinisches Personal hervorzuheben. Zudem muss eine schnelle Berechnung der jeweils interessanten
Parameter in unter 5 Sekunden geschehen. Die Standfliche fiir das Kamerasystem mit Schwenkarm muss so
dimensioniert werden, das man es auch in Operationssdlen mit geringer GroBe einfach verwenden kann. Als
funktionale Anforderungen sind eine kabellose Energieversorgung, eine robuste und schwenkbare
Kameravorrichtung mit automatischer Fixierung und Ausrichtung zum Situs, eine Datenintegration in das
Krankenhausinformationssystem, eine Beriicksichtigung vom bewegten Situs bei der Aufnahme (z.B. Atmung)
und eine prézise medizinische Interpretation der HSI-Daten erforderlich.

4 Diskussion

Im Rahmen dieser Arbeit wurde die klinische Anwendbarkeit des HSI-Kamerasystems zur Beurteilung von
Gewebeperfusion im OP untersucht und Anforderungen an ein solches System aufgestellt. Diese Technologie
konnte perspektivisch in klinischer Umgebung dem Behandler eine schnelle Kategorisierung des aktuellen
Zustands der Gewebsperfusion und eine prizise Verlaufsbeurteilung nach revaskularisierenden Prozessen
ermdglichen.

Wir konnten Spezifikationen eines intraoperativen viszeralchirurgischen HSI-Systems aufstellen. Diese
Spezifikationen konnen teilweise auch auf andere klinische Anwendungen wie beispielsweise auf HNO-
Eingriffen iibertragen werden. Bei neurochirurgischen Eingriffen wird meist bei Operationen mit einen
Mikroskop gearbeitet. Deshalb miissen andere Spezifikationen beriicksichtigt werden. Beispielsweise ist eine
Miniaturisierung nicht zwingend erforderlich, da die HSI-Kameraeinheit direkt an ein Mikroskop ankoppelbar
ist.

Die in dieser Arbeit untersuchten Operationen waren offene chirurgische Eingriffe. Bei minimalinvasiven
chirurgischen Eingriffen miissten spezielle Anforderungen hinsichtlich eines endoskopischen Systems erfiillt
werden. Beispielsweise ist die einfache Handhabbarkeit eines HSI-Systems dabei dringend erforderlich, da
dieses manuell wihrend Operationen gehalten werden muss. Zudem muss die Auswertungssoftware noch
genauer dem Anwendungsfall angepasst werden, um beispielsweise die Perfusionsgrenze bei
viszeralchirurgischen Eingriffen schnell und prézise visuell darstellen zu kénnen.

5 Zusammenfassung

Im Rahmen dieser Arbeit wurde die Anwendbarkeit des HSI-Kamerasystems im OP untersucht und
Anforderungen an das System aufgestellt. Diese Technologie konnte perspektivisch in klinischer Umgebung
dem Behandler eine schnelle Kategorisierung des aktuellen Zustands der Gewebsperfusion und eine prézise
Verlaufsbeurteilung nach revaskularisierenden Prozessen ermoglichen.
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Wir konnten mit Hilfe unserer klinischen Anwendungsszenarien Anforderungen an das System definieren.
Bisher ist kein HSI-System mit diesen Eigenschaften auf den Markt erhéltlich. In zukiinftigen Arbeiten miissen
diese erarbeitenden Anforderungen umgesetzt werden, um ein HSI-System erfolgreich in den klinischen Alltag
integrieren zu konnen.
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Abstract

The use of intraoperative ultrasound (iUS) imaging supports the neurosurgeon to identify tumorous tissue
during brain tumor operations. 3D image data provides a complete overview of the surgical field. The
commercial SonoNavigator product (Localite GmbH, Sankt Augustin, Germany) includes a navigation system
connected to an ultrasound device and an optical tracking system. Since there is still high user-machine
interaction, this work presents a package of three different tools to provide support to neurosurgeons into the
operating room. First module is a tool called image based connector, for the automatic identification in real
time of the parameter values in the US image data. Second one is a tool, which provides to neurosurgeons the
visualization of the brain tumor, as well as other cerebral structures in the preoperative MR data. Third one is a
registration tool, which performs the overlapping process between a pre-operative brain tumor model and the
live 3D iUS image data.

Keywords: Automation systems, MR, Neuronavigation system, Template matching, US images, US parameters.

1 Problem

The surgical navigation system has experienced vast development over the past two decades for minimizing the
risks of collateral damage and improving the precision of the surgery. Navigation in surgery is a high-up
example of today’s technological capabilities being applied into medicine. It has arisen as one of the most
reliable developments of technology as it continues to turn surgical interventions into safer and well controlled
invasive procedures. In neurosurgery, navigation has encourage technical progress, enabled more daring
procedures. The merge of technology and surgery is stronger when faced with the challenge to operate one of the
most delicate organ of the human body, as the brain is. The brain is confined in a close-fitting space together
with other vital structures, like blood vessels, which can cause major functional deficits if damaged. Due to the
affluence of risky structures surgical invasion has to be limited.

Furthermore, intraoperative ultrasound (iUS) imaging is standardly performed in the neurosurgery to support the
surgeon in the identification of tumorous tissue during brain tumor operations [1]. Therefore, navigation systems
integrate ultrasound devices for neurosurgical purposes, also called ultrasound navigation systems; perform an
overlapping process of the iUS image data with preoperative MR or CT data. This supports the surgeon for a
better understanding and analysis of the iUS images [2].

Nowadays a huge variety of navigation systems and ultrasound integration are offered. For example the models
of the company Brainlab GmbH (Miinchen, Germany) include one US device into the complete system
providing the advantage to take control of all variables and parameters involved. However, it is not so flexible to
couple with other devices in the same manner. Moreover, segmentation tools are helpful to delineate target or
risk structures, like tumor and blood vessels, for visualization purposes [3]. Indeed tumor margins can be
smoothly defined in the image data and the monitor of the navigation system is sometimes positioned far away
from the surgeon. Most models of navigation systems include only basic segmentation tools. More powerful
software tools are often problematic because of the lack of user interface between the segmentation tool and the
navigation system.

The aim of this work is the further development of a ultrasound navigation system to provide optimized support
to neurosurgeons into the operating room (OR). This research project offers the advantage of having embedded
software tools which includes automatically set the visualization and 3D reconstruction of the iUS data.
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Moreover, a software tool for the segmentation and generation of a preoperative patient model and for the
enhancement of the brain tumor contours in the 3D iUS image data was developed [4].

2 Material und Methods

The components of the overall system are the commercial SonoNavigator® (Localite GmbH, Sankt Augustin,
Germany) including an optical tracking system, an US device and a research platform. The research platform is a
laptop and includes: 1) a tool for the automatic setting of visualization and reconstruction of the iUS data, 2) an
embedded segmentation tool for the generation of a patient model based on preoperative MR data, and 3) brain
tumor contour enhancement tool in the iUS data. The navigation system and the research platform are connected
using a local network in order to exchange information and data.

2.1 Automatic setting of visualization and reconstruction

Some ultrasound navigation systems integrate a complete system including the US device and it has therefore
access to the values of the US parameters. These parameters, as depth, flip image, current probe and US device
model, are necessary for the correct visualization and reconstruction of 3D US volume. For that, the calibration
data corresponding to the currently used US parameters is automatically selected. On the other hand, the
SonoNavigator® product is a neuronavigation system which can be connected to any US device model. This
solution is more flexible and practical. However, the US parameters are not directly accessible anymore. During
surgical interventions in the OR, user has to manually select the calibration file which corresponds to the
parameter values used during the acquisition to activate the visualization and/or the reconstruction steps. The
selection of the wrong file leads up to incorrect visualization and 3D reconstruction. Therefore, the automation
of the selection of the correct calibration data makes more safety and reliable the use of iUS imaging during
surgery. For that, a solution to identify the US parameter values which are only available through the US image
data visualized on the monitor was developed.

The automatic identification of the US parameters in the iUS images is performed by the research platform and
recognize them as annotations, these parameters are US model, currently probe (in this case three different
prober were used, one linear 5.0L45, one curve C8-5 and one phase P4-2), depth (four depths were tested such as
4, 6, 8 and 10 cm) and flip. The tool for this task, called image based connector, includes image processing
algorithms. The identified current US parameters are then automatically communicated to the navigation system.
A new tool was implemented in the navigation system to automatically select the corresponding calibration data.
Therefore, the implemented image based connector includes two parts. The first part is a tool for the creation of
a database of template images including the parameter values that are commonly used during brain tumor
operations. The second part is the tool for the automatic identification of the parameter values in the live iUS
images by performing a matching between the iUS image and the templates of the database. Figure 1 shows a
description of the tool.

Figure 1: Image based connector internal process.




CURAC 2018

2.2 Generation of a patient model based on preoperative MR data

The delineation of target and risk structures and therefore the generation of a preoperative patient model based
on MR data are helpful for visualization purposes [5]. To generate a patient model based on preoperative MR
data it is necessary to load DICOM files. DICOM source files are loaded directly from the CD patient data.
DICOM files are imported into the tool as a 3D volume to visualize through all slices. This research tool
provides neurosurgeons to visualize in three different views (Axial, Sagittal and Coronal) to have a better focus
of the brain tumor. Neurosurgeons can freely choose the more convenient view for the segmentation. Then, a
manual delineation is performed by the neurosurgeon through a couple slices, and then a model of the tumor is
generated by interpolating the slices. The lateral ventricles and blood vessels are possible to segment too. A
region growing method is applied. All these extracted structures are saved as VRML format into a directory
shared with the computer including the navigation system. They are automatically visualized on the monitor of
the navigation system when pressing the button save the generated model in the research platform. A brief
description of the internal process is shown in figure 2.

Figure 2. Internal process of the Automatic setting of visualization and reconstruction tool. As a
first step MR data are acquired, and then the delineation process by the user is performed, as well
the identification of structures such as lateral ventricles and blood vessels. Finally a brain tumor
model is obtained..

2.3  Brain tumor contour enhancement in the iUS data

To provide a better understanding of the iUS images data, the enhancement of the brain tumor contour is
performed. First the segmentation of the brain tumor in the MR data is performed with the previous tool. Then
with the coordinates of the brain tumor model, a ROI is established. Then a thresholding process is applied to the
MR and iUS images to extract the hyperechogenic structures considered as features in the registration process.
The segmented ROIs are automatically aligned to provide the parameters of a transformation function T. The
brain tumor is finally registered using T. This provides the tumor contour enhancement in the iUS image. Within
the registration/overlapping tool a variety of techniques are possible to apply. Rigid, Affine, Translation and
Similarity methods are available on the tool. Figure 3 shows the internal process of the tool.
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Figure 3: Brain Tumor Contour Enhancement Tool.

3 Results

A demonstrator including the navigation system, a Siemens Sonoline G60S US device, the research platform and
a local network was developed at our institute. The overall system was used to test the implemented tools.

3.1 Automatic setting of visualization and reconstruction

The following parameters were identified: US device model, name of the probe currently used (3 different US
probes, one linear 5.0L45, one curve C8-5 and one phase P4-2), image depth (4, 6, 8 and 10 cm) and orientation
(standard view or mirrored). Once the correct parameters have been successfully recognized, they are sent to the
PC through the socket connection. Then the navigation system processes them and fit with the correct
configuration the platform. Figure 4 shows the correct configuration of the system when receiving US
parameters.

Figure 4: Successful receiving of the US parameters through the research platform.

3.2 Generation of a patient model based on preoperative MR data

Figure 5 shows the visualization of the segmented brain tumor, lateral ventricles and blood vessels as a rendering
volume. With this tool it is easy to visualize and analyze possible connections between the represented
structures. The tool was included into the demonstrator.
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Figure 5: Visualization and reconstruction Tool, on the top left corner is the MR data where user
has to identify, just with a marker on the area of lateral ventricles, and then the rendering volume
is shown on the top middle window. Same process on the bottom left corner for the blood vessels,
as well the rendering volume is shown on the bottom middle window. On the right window is
shown the three volumes to visualize possible connections between structures.

3.3 Brain tumor contour enhancement in the iUS data

Figure 6 shows the registration process applying rigid method. On the left side MR image is located showing the
brain tumor and the contour of it after rigid registration has been applied. On the right side US image is shown.
Then it is possible to identify in a better way the contour of the brain tumor after rigid registration has been
applied. This tool is not included into the demonstrator yet.
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Figure 6. Brain tumor contour enhancement in iUS tool.




CURAC 2018

4 Discussion

The objective of this work was to present an overview of several tools developed to improve a commercial
navigation system. First with the automation of the selection of calibration data for purposes of visualization and
3D reconstruction of iUS volumes. The main advantage of this system in comparison with products available on
the market is its ability to work with any US devices. This solution is more convenient for the surgeon who can
use different US device models. However, the main drawback is the creation of a database for each different US
device. Second, a semi-automatic segmentation tool was developed. This interface provides to neurosurgeons the
possibility to manually delineate the contour of the brain tumor, the ventricles and the cerebral blood vessels.
The segmentation is performed on the research platform. When the task is finished, the contours of the structures
are automatically visualized in the navigation system thanks to the socket connection. The tool was originally
developed for the processing of MR data. It could be used for the extraction of relevant structures in the iUS data
in the OR. A technician or a nurse could perform the task since it requires manual interaction. Third, an
automatic method to enhance the brain tumor margin in the iUS image was presented. This tool should be soon
included in the demonstrator.

5 Conclusion

Three different tools were developed to improve a commercial navigation system. They aim at automating or
facilitating some processes, like the selection of calibration data and the extraction of target and risk structures.
Two of these tools were already included into a demonstrator and were successfully tested. Next steps will be the
integration of the last tool and the evaluation of the overall system in the OR. This project should increase the
safety and the facility of the use of US imaging and therefore support this imaging modality in neurosurgery.
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Abstract

Im Rahmen von neurochirurgischen Interventionen existiert eine Reihe von klinisch relevanten Fragestellungen,
die sich mit Hilfe von modernen bildgebenden Verfahren beantworten lassen. Zu diesen Verfahren zdhlen u. a.
die Intraoperative Optische Bildgebung sowie die thermografische Bildgebung. Um das Outcome fiir den
Patienten zu verbessern, bietet es sich an, beide Verfahren entsprechend ihrer Stirken kombiniert anzuwenden.
Fiir diesen Einsatzzweck wurde, basierend auf einem kommerziell verfiigharen Operationsmikroskop, ein
modulares Gerdtesystem entwickelt, das die intraoperative Erfassung sowie Auswertung von Bilddaten beider
Modalititen ermdoglicht. Der Fokus bei der Entwicklung lag auf einer bestmoglichen Integration in die
operativen Abliufe und der Anpassung an vorhandene Gerdtetechnik. Zur Evaluation wurden anschlieffend
Messungen an Patienten synchron mit beiden Verfahren im Rahmen von Tumorresektionen und vaskuldren
Eingriffen durchgefiihrt. Die Resultate zeigen, dass sich das System einfach in den operativen Ablauf integrieren
ldsst und durch die Anwendung beider Modalitdten die Sicherheit der Ergebnisse erhoht sowie der Zeitaufwand
reduziert werden kann.

Keywords: Thermografie, Optical Imaging, Neurochirurgie, Gerdtesystem

1 Problemstellung

Trotz der immensen technischen Fortschritte in den letzten Jahren, zdhlen neurochirurgische Eingriffe am
offenen Hirn auf Grund der Irreversibilitit von entstandenen Schadigungen und der speziellen Rolle des Organs
fiir den menschlichen Organismus immer noch zu den herausforderndsten Interventionen. In der Vergangenheit
konnte gezeigt werden, dass sowohl die Intraoperative Optische Bildgebung (IOI), als auch die thermografische
Bildgebung im Rahmen von spezifischen operativen Fragestellungen hilfreiche Informationen fiir den Chirurgen
zur Verfligung stellen konnen. Zu diesen Informationen zdhlen u.a. die flichenhafte Lokalisation von
funktionellen Arealen, die Abgrenzung von pathologisch verdnderten Arealen (z.B. Tumoren) sowie
Informationen zur zerebralen Perfusion (z. B. Blutfluss in Aneurysmen). Jede der genannten Modalitdten hat
beziiglich bestimmter Anwendungsgebiete Starken und Schwichen. Die 101 kann primér fiir die Darstellung von
Anderungen im zerebralen Blutvolumen bzw. der zerebralen Oxygenierung angewendet werden und eignet sich
somit fiir die Lokalisation funktionell aktiver Hirnareale [1], da auf Grund der neurovaskuldren Kopplung
neuronale Aktivitit auch mit Anderungen im Metabolismus einhergeht. Im Rahmen von vaskuliren
Fragestellungen eignet sich insbesondere die Thermografie, da minderdurchblutete Areale sich durch eine
geringere Temperatur von physiologisch perfundierten Arealen unterscheiden [2,3]. Die Abgrenzung von
pathologisch verdnderten Hirnarealen gegeniiber gesundem Gewebe ist Forschungsgegenstand beider Methoden
[4,5]. Durch die Kombination der Verfahren und der daraus gewonnen Erkenntnisse, kann auf diesem Gebiet
u. U. der intraoperative Informationsgewinn gesteigert und die Genauigkeit der Ergebnisse erhoht werden. Zur
kombinierten Erfassung sowohl von thermografischen als auch optischen Bilddaten wurde daher im Rahmen
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dieser Arbeit ein Geritesystem entwickelt, das speziell auf die Anwendung im neurochirurgischen Umfeld
angepasst ist und einfach in bestehende Arbeitsablaufe integriert werden kann.

2 Material und Methoden

Zur Durchfithrung von IOI Messungen im sichtbaren Spektralbereich (VIS-Bereich, ca. 400...800 nm) befindet
sich am entwickelten Gerétesystem (siche Abbildung 1) eine CCD-Kamera (AxioCam MRm, Carl Zeiss
Microlmaging, Jena, Deutschland), die iiber einen Strahlteiler (2 Ports, 50/50, Carl Zeiss Meditec AG,
Oberkochen, Deutschland) in den optischen Weg des Mikroskops eingekoppelt wird. In den Strahlengang der
Kamera kann zusétzlich ein optischer Filter (z. B. Bandpassinterferenzfilter) eingebracht werden, um den Fokus
bei den Messungen auf die Auswertung unterschiedlicher physiologischer Phénomene, entsprechend des
Absorptionspektrums des signalgebenden Hamoglobins (z. B. Blutvolumendnderung bei 568 nm oder
Oxygenierungsdnderung bei 600 nm) zu legen. Der zweite Port des Strahlteilers wird fiir die Aufnahme von
Weillichtbildern mit einer zusétzlichen VIS-Kamera (hier Basler acA1920 mit CMOS-Sensor, Basler AG,
Ahrensburg, Deutschland) genutzt. Diese Daten werden zusammen mit den thermografischen Bildern des
Operationssitus dargestellt und unterstiitzen die Orientierung des Chirurgen bei der korrekten Positionierung der
Optik tiber dem exponierten Kortex des Patienten.

Fiir die thermografische Bildgebung wird ein ungekiihltes Thermografie-System (VarioCAM HD head, InfraTec
GmbH, Dresden, Deutschland) auf Basis von Mikrobolometerdetektoren verwendet. Es erfasst Infrarotstrahlung
im Spektralbereich von 7,5...14 pm. Damit kdnnen Temperaturdnderungen von bis zu 30 mK mit einer
rdumlichen Aufldsung von 125 pm (bei 30 cm Objektabstand) und bis zu 60 Bildern pro Sekunde aufgenommen
werden. Das Thermografie-System ist mittels einer eigens konstruierten Halterung mit Schwalbenschwanz-
verbindung am Strahlteiler befestigt.

Abbildung 1. Gerdtesystem zur Datenerfassung von optischer und thermografischer Bildgebung
bestehend aus einer CCD-Kamera (AxioCam MRm), einem ungekiihiten Thermografie-System
(VarioCAM HD head), einer RGB-Kamera (Basler acA1920) sowie einem Tracking-Adapter zur
Verfolgung der Systemposition wéihrend der Intervention durch die Neuronavigation.
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Bildgefiihrte Interventionen in der Neurochirurgie basieren auf Neuronavigationssystemen, welche die Ortung
(Tracking) von Position und Orientierung des Gerétesystems beziiglich des Patienten ermdglichen. Zur
Fusionierung der aufgezeichneten thermografischen und optischen Bilddaten mit den fiir die Neuronavigation
praoperativ aufgezeichneten Bilddatensétzen, gehdrt daher eine Vorrichtung zur Befestigung -eines
Instrumententracking-Adapters (Ultraschallreferenzeinheit, BrainLab AG, Miinchen, Deutschland) zum
Geritesystem. Das im Operationssaal verwendete Navigationssystem VectorVision 2 (BrainLab AG, Miinchen,
Deutschland) erlaubt die kontinuierliche Verfolgung der Position des Instrumententracking-Adapters im Welt-
und Patientenkoordinatensystem. Das Bildkoordinatensystem der Kameras kann wie in [6] beschrieben mit dem
Weltkoordinatensystem registriert werden. Die Projektion der registrierten Bilddaten auf die Kortexoberfliche
wird mit einem projektiven Textur-Mapping durchgefiihrt. Die Grauwerte der MRT-Aufnahme werden mit den
2D-Bilddaten durch gewichtete Mittelung fusioniert (vgl. Abbildungen 2C und 3C). Alle Ergebnisse konnen
mittels der Visualisierungssoftware 3DSlicer dargestellt werden.

Die Einzelkomponenten des Systems sind an einem kommerziell erhéltlichen Operationsmikroskop (OPMI Pico,
Carl Zeiss Meditec AG, Oberkochen, Deutschland) befestigt. Die intraoperative Analyse und Auswertung der
Daten erfolgt fiir jede Modalitét auf einem separaten Laptop mit den eigens entwickelten Programmpaketen fiir
MATLAB (The MathWorks, Massachusetts, Vereinigte Staaten) und LabVIEW (National Instruments, Texas,
Vereinigte Staaten). Eine genaue Beschreibung der Methodik zur Stimulation funktioneller Areale sowie der
dazugehorigen Datenaufhahme und -auswertung findet sich u. a. fiir die funktionell optische Bildgebung in [1]
und fiir die funktionell thermografische in [7]. Weitere Informationen zur thermografischen Perfusions-
bildgebung werden in [2] und [3] beschrieben.

3 Ergebnisse

Das beschriebene Geridtesystem wurde erfolgreich bei neurochirurgischen Interventionen an Patienten mit
unterschiedlichen Pathologien eingesetzt. Primir wurden Eingriffe zum Zweck der Tumorresektion untersucht,
bei denen die Lision zusétzlich in der Néhe von funktionell testbaren Arealen lag. Weiterhin wurde das Setup
bei vaskuldren Eingriffen, wie dem Clipping von Aneurysmen, der Resektion von arteriovendsen
Malformationen oder der Darstellung zerebraler Ischimien genutzt. Bei diesen Féllen wurde vor allem die
thermografische Bildgebung eingesetzt, die iiber die generierten Perfusionskarten eine Evaluation des regionalen
Blutflusses ermoglichte.

Exemplarisch sind in Abbildung 2 die Ergebnisse der optischen und thermografischen Bildgebung eines
Patienten mit einer Metastase (Primédrtumor: Melanom) in der postzentralen Kortexregion dargestellt. Mit Hilfe
der IOI wurde der sensorische Kortex intraoperativ identifiziert und das Ergebnis mit Hilfe der Messung der
Phasenumkehr des elektrophysiologischen Monitorings erfolgreich verifiziert. Auf diese Weise konnten
funktionelle Areale wihrend der Operation zur Vermeidung postoperativer funktioneller Defizite geschont
werden. Die subkortikal liegende Lision grenzte sich im thermografischen Bild durch einen
Temperaturgradienten vom umliegenden gesunden Hirngewebe ab. Mittels der Fusion von prédoperativen MRT-
Daten und intraoperativen IOI-Auswertungen konnten die Ergebnisse anatomisch verifiziert und visualisiert
werden.

Abbildung 3 zeigt das Beispiel eines Patienten mit einem niedriggradigen Astrozytom (WHOP°II, hirneigener
Tumor) im frontalen Kortex, der ebenfalls in der thermografischen Bildgebung durch eine hypertherme Region
abgegrenzt werden konnte. Zusétzlich zur hier ebenfalls dargestellten Bildfusion von préd- und intraoperativ
aufgenommenen Bilddaten, wurde bei diesem Patienten eine zerebrale Perfusionskarte erstellt, die die
Evaluation des regionalen kortikalen Blutflusses moglich machte. Dargestellt wird in der Perfusionskarte der
Zeitpunkt, zu dem ein intravends injizierter Bolus von kalter physiologischer Natriumchloridldsung die jeweilige
Region erreicht hat.

Bei der Integration des Gerdtesystems in die operativen Abldufe ergaben sich fiir die Durchfiihrung der
Messungen keine Schwierigkeiten. Da das Hardware-Setup auf kommerziell erhéltlichen Komponenten aufbaut,
konnten die fiir das Mikroskop iiblicherweise vorgesehenen Beziige ebenfalls fiir die Verwendung im sterilen
Operationsbereich genutzt werden. Die Ausrichtung des Bildaufnahmesystems iiber dem Kortex des Patienten
erfolgte nach der Eroffnung des Schéddels durch den Operateur, der zur exakten Positionierung die
Bildausschnitte der Kameras in einer Live-Darstellung betrachten konnte. Diese wurde auf dem jeweiligen
Messlaptop angezeigt, der sich auBerhalb des sterilen Bereiches im Operationssaal befand. Fiir Messungen mit
der 101 wurde nach der Positionierung die Raumbeleuchtung ausgeschaltet und der Kortex lediglich durch die
im System integrierte Beleuchtung illuminiert (180 W, Xenon). Die thermografische Bildgebung besitzt
prinzipbedingt keine speziellen Anforderungen an die Beleuchtung. Nach Durchfithrung der Messungen erfolgte
ein Wechsel zuriick auf das iibliche Operationsmikroskop, sofern fiir den Eingriff eines verwendet wurde.
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Abbildung 2: Ergebnisse der optischen und thermografischen Bildgebung eines Patienten mit
Metastase im postzentralen Kortex. A RGB-Bild des Operationssitus B thermografische Aufnahme
korrespondierend zu A C 2D-/3D-Fusion der prioperativen MRT-Aufnahme und der 101-
Aktivierungskarte mit 3DSlicer nach [6] D 1OI-Aktivierungskarte nach [1]. Die gestrichelte weiffe
bzw. schwarze Linie reprdsentiert die Grenzen der subkortikal liegenden Metastase.

Abbildung 3. Ergebnisse der thermografischen Bildgebung eines Patienten mit niedriggradigem
hirneigenen Tumor im frontalen Kortex. A RGB-Bild des Operationssitus B thermografische
Aufnahme korrespondierend zu A C 2D-/3D-Fusion der prdoperativen MRT-Aufnahme und des
thermografischen Bildes mit 3DSlicer nach [6] D zerebrale Perfusionskarte der Kortexoberfliche
nach [3]. Die gestrichelte weife bzw. schwarze Linie reprdsentiert die Grenzen des Tumors.
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4 Diskussion

Wihrend der Evaluation, der mit dem entwickelten Gerdtesystem durchgefiihrten Patientenmessungen, wurde
festgestellt, dass sich die Kombination beider Bildgebungsmodalititen besonders fiir Eingriffe zur Resektion von
pathologisch verdnderten Geweberegionen (sowohl hirneigene Tumore als auch Metastasen) eignet und gerade
hier die gemeinsame Anwendung beider Verfahren ecinen grolen Vorteil gegeniiber der jeweiligen
Einzelanwendung hat. Die parallele Messung mit beiden Modalitdten bei gleichen Aufnahmebedingungen
verbessert die Vergleichbarkeit der Aufnahmen und erhoht die Sicherheit der Ergebnisse, sowohl in Bezug auf
die Gewebedifferenzierung als auch auf die Identifizierung funktioneller Areale. Zudem reduziert sich der
Zeitaufwand fiir die intraoperative Messung, da kein Wechsel des Aufnahmesystems notwendig ist. Fiir die
Darstellung von funktionellen Arealen kann die Auswertung der optischen Bilddaten intraoperativ durchgefiihrt
werden, die Berechnungsdauer auf einem mittelméBig ausgestatteten Laptop belduft sich auf ca. 2 Minuten,
sodass sich inklusive der Aufnahmezeit von 9 Minuten eine Gesamtdauer fiir die Bildgebung von 11 Minuten
ergibt. Das thermografische Rohbild zur Abgrenzung von hypo- bzw. hyperthermen Regionen steht nahezu
instantan intraoperativ zur Verfiigung, wohingegen die Erstellung der zerebralen Perfusionskarten derzeit auf
Grund einer erhohten Rechendauer postoperativ erfolgt. Perspektivisch wird die Perfusionsanalyse durch die
Implementierung des Algorithmus auf einem Grafikprozessor ebenfalls intraoperativ zur Verfligung stehen. Ein
weiterer Vorteil ist, dass zu jedem Zeitpunkt die IOI-Ergebnisse durch vaskuldre Analysen der Thermografie
erginzt werden konnen. Das Gesamtsystem lédsst sich einfach in das neurochirurgische Umfeld integrieren und
erflillt die Anforderungen fiir die Integration in die operativen Abléufe.

In der bisherigen Ausfithrung muss das Geridtesystem ohne Beobachtertubus verwendet werden. Die Ausrichtung
der Kameras erfolgt ausschlieBlich iiber den jeweiligen Laptop-Bildschirm, dessen fiir den Chirurgen gut
sichtbare Positionierung mitunter schwierig sein kann, abhidngig von der Gréfle des Operationssaals und der
Anzahl zusétzlich vorhandener Gerite. Dies lésst sich jedoch durch die zukiinftige Anbindung an das bereits im
Operationssaal vorhandene Videosystem ldsen. Zudem erfolgt die Kamerasteuerung und Datenerfassung auf
getrennten Messlaptops, was momentan einen zusitzlichen Synchronisationsschritt im Messablauf erforderlich
macht. Eine Softwareintegration der IOI und thermografischen Bildgebung wird daher zukiinftig angestrebt. Bei
einer Weiterentwicklung des Gerdtesystems empfiehlt es sich zudem, zwei baugleiche Kameras im visuellen
Spektralbereich zu verwenden. Die synchrone Erfassung des Operationssitus macht eine spitere 3D-
Rekonstruktion der Hirnoberflache moglich, die fiir stereoskopische oder augmentierte Visualisierungen genutzt
werden kann.

5 Zusammenfassung

Das entwickelte Geritesystem bietet ein effizientes Framework fiir die kombinierte Erfassung von
thermografischen und optischen Bilddaten inklusive der Moglichkeit, die intraoperativ erfassten Daten mit
préoperativen Patientendaten zu fusionieren und visualisieren. Die Kombination ermdglicht intraoperativ die
Einbeziehung der Informationen beider Bildgebungsverfahren und unterstiitzt den Chirurgen optimal
entsprechend der jeweiligen klinischen Fragestellung. Auf diese Art kann zukiinftig u. U. das Risiko fiir
postoperative funktionelle Defizite vermindert, sowie die Uberlebensdauer der Patienten nach einer
Tumorresektion erhoht werden.
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Abstract

Die Bedeutung der Magnetresonanztomographie (MRT) nahm im Bereich minimal-invasiver Interventionen in
den vergangenen Jahren stark zu. Die Vorteile einer MR-gefiihrten Intervention sind ein hoher
Weichgewebekontrast, der Verzicht auf nierenschddigende Kontrastmittel, das Nichtvorhandensein ionisierender
Strahlung sowie eine hohe rdumliche Auflosung. Dennoch dienen fiir Myokardbiopsien die Rontgen-
Fluoroskopie und Echokardiografie als Standardverfahren der bildgestiitzten Echtzeitiiberwachung des
Eingriffs. Ursache dafiir ist nicht zuletzt die begrenzte Verfiigharkeit MR-geeigneter Instrumente. Im Fokus der
Studie stehen daher die Entwicklung und Evaluation einer MR-sicheren Biopsiezange und die Etablierung eines
angepassten klinischen Workflows. Intensive ex-vivo-Experimente in einem realistischen Gefdfimodell werden
dabei konzipiert und dienen als Grundlage der Analysen.

Keywords: interventionelle MRT, Herzbiopsie, flexible MR-taugliche Biopsiezange, MRT-Biopsie

1 Problemstellung

Nach den Bestimmungen des ASTM werden Materialen den Klassen MR-sicher, MR-kompatibel oder MR-
unsicher zugeordnet. Maf3geblich sind dabei die Eigenschaften dieser Materialien in der Umgebung starker
Magnetfelder. Herkommliche Instrumente bestehen zumeist aus biokompatiblen Metallen. Aufgrund deren
Erhitzung durch Radiowellen [1] sind diese fiir den Einsatz innerhalb MR-gefiihrter Interventionen nur bedingt
geeignet. Fiir den klinischen Gebrauch existieren lediglich wenige MR-kompatible Instrumente wie Biopsie-
Punktionskantiilen (Somatex, Invivo). Neben materialbedingter Sicherheitsvorschriften spielt weiterhin die
Visualisierung der Instrumente in der MRT-Bildgebung eine entscheidende Rolle. Diese lédsst sich prinzipiell
mittels passiver, semi-aktiver oder aktiver Techniken verbessern [2]. Vorteil aktiver Methoden ist vor allem die
genaue raumliche Darstellung - allerdings bendtigen diese Verfahren spezielle Setups. Passive und semi-aktive
Methoden hingegen koénnen in allen verfiigbaren MRT-Systemen zum Einsatz kommen und stellen somit eine
flexiblere Alternative dar. Mithilfe integrierter passiver Marker konnte der weltweit erste CE-zertifizierte MR-
kompatible Fiihrungsdraht (EPflex) auf den Markt gebracht werden. Ziel des Verbundprojektes MRT-Biopsie ist
daher die Entwicklung und Evaluierung einer flexiblen MR-sicheren Zange fiir die Anwendung innerhalb MR-
gefiihrter Herzbiopsien.

2 Material und Methoden

Zunachst wurde ein Design des Zangenkopfes entwickelt, das eine Produktion aus nicht-magnetischen, nicht-
metallischen und nicht-leitfahigen Werkstoffen ermdglicht. Die Auswahl der Materialien erfolgte in Hinblick auf
die Zielgabe, der Einstufung MR-sicher zu geniigen. Da Polymere und Keramiken im Allgemeinen geringe
Artefakte in der MRT erzeugen, muss deren Sichtbarkeit erhoht werden. Die Einzelteile werden dazu mit
passiven und semi-aktiven Markern versehen und in verschiedenen MRT-Systemen (1,5 und 3 Tesla, GE,
Siemens, Philips) mit Standard- und Echtzeit-Sequenzen getestet. In Folge werden diejenigen Sequenzen
identifiziert und nétigenfalls angepasst, die die geeignetste Visualisierung fiir den Anwendungsfall erzeugen. Fiir
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weitere ausfiithrliche Studien in einem moglichst realistischen
Setup werden ex-vivo-Experimente durchgefiihrt. Hierzu
wurden aus anonymen medizinischen Bilddaten Gefifle
(Arterien/Venen) segmentiert und in ein 3D-Modell iiberfiihrt,
welches wiederum als Vorlage fiir einen 3D-Druck dient
(sieche Abb. 1). Um dabei natiirliches Gewebe bioptieren zu
konnen, werden jeweils frische Schweineherzen an das
Gefdlimodell angeschlossen. Mit diesem Phantom und dem
Zangensystem ist es anschlieBend mdglich, realititsnahe
Evaluationen im MRT durchzufiihren. Nach erfolgreichen ex-
vivo Tests sollen spéter in-vivo Erprobungen folgen. Abbildung 1:3D-Modell des Aorten-
Phantoms (Phacon).

3 Ergebnisse

Erste Muster des Zangenkopfes aus nicht-ferromagnetischen Verbundwerkstoffen wurden bereits hergestellt.
Besonderes Augenmerk lag dabei auf der Schirfbarkeit des Materials, einem moglichst geringen
Reibungskoeffizienten und der Korrosionsbestindigkeit. Die Geometrie der Zange wurde an eine Herzbiopsie
mit formalerem Zugang mit Fiihrungskatheter angepasst. So wurde im Vergleich zu herkémmlichen
metallischen Biopsiezangen der Zangenkopf um etwa 50% verkiirzt und der Offnungswinkel um ca. 50%
vergrofBert.

4 Diskussion

Nach erfolgreicher Produktion von Musterstiicken miissen weiterhin intensive Untersuchungen zur Sichtbarkeit
im MRT durchgefiihrt werden. Gleichzeitig muss die Funktionalitdt der Zange an tierischem Gewebe getestet
werden, um eine mdglichst hohe Qualitit des Bioptats zu gewahrleisten. Zuletzt erfolgt die Formulierung eines
addquaten klinischen Workflows zur MR-gefiihrten Herzbiopsie. Detaillierte Recherche, Beobachtung und
Protokollierung von Standardprozeduren und MR-Interventionen werden hierbei analysiert und ausgewertet.
Problemfelder sind dabei vor allem die Optimierung der MRT-Sequenzen, die MRT-Steuerung und die
Kommunikation zwischen dem Interventionalisten und den Assistenten im Kontrollraum. Zudem muss direkter
Zugang zum Patienten fiir den Notfall, bspw. eine Reanimation, gewéhrleistet sein.

5 Zusammenfassung

Um eine neuartige, flexible und MR-sichere Zange fir Myokardbiopsien und einen korrespondierenden
klinischen Workflow zu etablieren, wurden intensive Untersuchungen durchgefiihrt und bereits ein erster
Prototyp entwickelt. Weiterfilhrende in-vitro-Experimente und Recherchen werden derzeit durchgefiihrt. Das
Ziel ist der Nachweis der Anwendbarkeit in Form von reproduzierbarer Bioptat-Qualitidt und reliabler MR-
gefiihrter Intervention.
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Abstract

The non-invasive imaging technology OCT (Optical Coherence Tomography) is based on low-coherence
interferometry and can enable a three-dimensional representation of organic tissue with close to microscopy
resolution. With penetration depths of several millimeters, resolutions of a few microns, real-time scanning rates,
and miniaturization opportunities, imaging is a frequently sought-after clinical field. Clinical experts from various
disciplines described concrete needs as part of the "Research Alliance OCT for Medicine" FOMed, which can be
optimally addressed through the future use of OCT technology. Improved diagnoses, gentler therapies for the
patient or the simultaneous acceleration of the surgical workflow are the expected benefits - the potential
advantages and the applications in question show the great potential for using OCT in medicine.

Keywords: OCT, Optical Coherence Tomography, Intraoperative Imaging, Oncology, Minimal Invasive
Surgery

1 Problem

Optical Coherence Tomography (OCT) is an imaging technology based on low-coherence interferometry, that can
penetrate transparent and semi-transparent materials and make its internal structures visible. This applies in
particular for the analysis of human tissue. OCT works non-invasively or without additional invasion. Due to its
optical working principles, it causes no radiation or ionization damage. Furthermore, OCT provides high
resolutions at the micrometer level and acquires tomographic cross-sectional and volumetric images in real-time.
Because of the fiber-optical system concepts, there is a high potential for miniaturization of OCT for use in
minimally invasive medicine.

However, the effective use of OCT technology is highly dependent on the optical properties of the particular tissue
and requires customized system design as well as carefully selecting the OCT mode and signal post-processing.
In this respect, OCT is not a universal technology, which can be used equally for all possible applications, but has
to be adopted in an application-specific way. With the functionality mentioned above, OCT is able to characterize
tissue morphologies, many other application perspectives arise. An almost universal application of OCT is the
detection of tissue malformations and especially cancer [1], since OCT offers a resolution superior to ultrasound
imaging with larger penetration depths than confocal microscopy.

Today, OCT has become the gold standard as diagnostic tool for retinal and corneal diseases in ophthalmology [2].
Although a lot of feasibility studies have been reported [3] and more than 4.000 journal papers are published
annually, only a few products outside ophthalmology have found their way to the market. Therefore, we have
initiated the innovation forum FOMed [4], which serves to open up new medical application perspectives.

2 Material and Methods

The development of new medical applications for OCT requires the concerted interaction of all necessary
contributors. For this purpose, we gathered clinicians and companies as well as academic and institutional partners
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for the generation of contributions for systemic solutions in an appropriate network structure. The network
structure largely covers the value chain for the creation of new medical OCT devices, as shown in Fig. 1.

Figure 1: Value Chain OCT for New Medical Devices

An essential principle in the methodical procedure was to collect the clinical requirements as the decisive
determinant of future system designs for suitable OCT solutions and to base this on the further technical details.
The initial start of the project therefore was a clinical workshop in which representatives of different clinical
disciplines highlighted current field specific limitations. On that basis, application examples were selected in
which the use of OCT would contribute to a benefit. The necessary technical solutions were coordinated within
the framework of theme workshops. The results were presented and discussed in a 2-day final conference on May
16, 2018 in Berlin.

The clinical contributions were supplemented by several clinical workshops at the Tokyo Women Medical
University (TWMU) under the direction of Prof. Ken Masamune in January 2018 in Tokyo. These workshops
contributed esp. the use perspectives in the fields of Neurosurgery, Cardiology and Interventional Pulmonology.

In summary, we collected possible OCT applications from the following clinical disciplines: dermatology,
gastroenterology, visceral surgery, vascular surgery, urology, gynecology, ENT, orthopedics, neurosurgery,
cardiology, pulmonology and pathology.

3 Results

The identified clinical applications of OCT were elaborated in a series of workshops according to Fig. 1. In the
following we describe the subject-specific requirements using the example of visceral surgery.

According to the clinical experts, imaging such as OCT, which can be used in vivo, will not deliver the image
quality as the first choice for histology. Therefore, OCT as quasi-microscopic imaging must not use histology as
a benchmark or score on it and not be intended as a replacement method. Instead, the focus must be placed on the
investigation of tissue properties that can be detected in vivo and that allow for valid, usable information. Since
operatively active physicians (users) are not pathologists, work should not be carried out in the direction of a
realistic imaging, but rather a decision support should be provided, which carries out a qualitative assessment. This
can be done, for example, in the form of a software-assisted tissue analysis that provides information on the type
of tissue abnormality (benign / malignant / inflammatory). The compensation of patient and user movements is a
particular challenge which can be addressed by appropriate image processing tools.

It is often said that the OCT basically covers an interesting resolution range, but the scan area is too small for an
effective and ergonomic application. The intraoperative OCT should therefore not be regarded as a search
modality, but as a confirmation modality. A hybrid imaging with OCT as a micro-imaging combined with an
additional modality as pre- and intra-operative macro-imaging for navigation and detection of conspicuous areas
was considered useful by all experts. The preferred modality is based on the field of application, for example OCT
could be supplemented by imaging with a higher scan range but lower resolution (e.g. US or endoscopy) or with
even higher resolution (e.g. OCT / LSM) for maximum efficiency.

Furthermore, image-processing that gives the therapist an automated diagnosis recommendation or highlights
conspicuous areas, is addressed across all disciplines. For this purpose, the above mentioned approach of hybrid
imaging can be supplemented by automated image analysis and interpretation, or automated provision of
diagnostic criteria.

In some clinical settings, images of relatively low depth of penetration can be used to delineate neoplasia and
adjust the therapy. Here, the assessment of the basement membrane (in about 250 - 500pm depth) is of primary
importance, esp. in the field of gynecology [5] and gastroenterology [6], but also in ENT [7], as the invasiveness
of squamous cell carcinomas (e.g. esophagus, trachea, cervix, etc.) can be tested. It represents the boundary
between the epithelial layer and the stroma and is localized in body cavities, which can be well visualized
endoscopically. The OCT is thus suitable for endoscopic imaging of the tomography and topography of external
tissue layers such as organ surfaces or body cavity walls (mucosa, serosa) or for imaging of deeper structures when
used in resectoscopes.
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3.1 Use Case: OCT in Visceral Surgery

In literature, OCT has been judged as a tool for tissue differentiation in visceral surgery especially for the detection
of cancer sufficiently positive. This is also confirmed by the preliminary investigations by Fraunhofer IPT together
with the TU Munich [8], see fig. 2.

>

Normal colon mucosa

o]

Colon adenocarcinoma

Figure 2: OCT imaging on normal colon mucosa (A) and colon adenocarcinoma (B) with addition of stained
sections. The OCT workup included a 3D reconstruction as well as multi-planar visualization including
orthogonal oriented planes [8]

As aneed for endoscopic use of OCT in Visceral Surgery the radicality of therapies is mentioned: Visceral Surgery
often operates with excessive and sometimes unnecessary radicality (excessive removal of surrounding healthy
tissue) to ensure the complete removal of the malignant tissue. The quality of the surgery is evaluated
histologically, but relies on macroscopic imaging (CT / MRI), so that. there is a continuing conflict between
therapeutic decisions to operate too radically and microscopically too close.

The frozen section investigation as a current solution has many disadvantages, such as delaying the operation,
labor and cost-intensity, availability and delay regarding the workflow.

When using minimally invasive methods, the tactility is lacking, so that it is not available as sensory information
and must be visually replaced. The preoperative imaging is too inaccurate and the transformation to the
intraoperative situs is not or only insufficiently possible. Therefore, there is currently the need for "over-radical”
therapy. In the long term, partially autonomous approaches involving on-line therapy control are needed, i.e. the
system only resects what is really infested. Approaches that are not based on existing concepts and allow for better
implementation of necessary therapies are preferred.

All areas of visceral surgery would benefit from OCT-based in vivo imaging. In the combination of OCT with
other modalities, clinical assessment is as follows: for visceral surgery, the combination with US is interesting to
allow for a rough navigation in parenchymatous organs. E.g. liver lesions could be targeted and then examined
micro-optically. The combination is also useful in the pancreas and possibly the lungs. The scan area and depth
must cover a larger area. Most visceral tumors are not superficially recognizable, so the probe must penetrate the
tissue and must be directed into suspicious regions. Target applications are from the today’s view liver, pancreas
and lymph node biopsy for oncological surgery.

3.2 Sensor Concepts

As explained above, a medical OCT system always consists of several components, which have to be selected and
developed as explained in the value chain shown in fig. 1. The largest customization towards the clinical
application affects the sensor, which we understand as the frontend interacting with the patient. Less affected is
the actual OCT evaluation system containing the opto-electronic set-up and the spectrometer. For the clinical
disciplines listed in section 2, several applications have been identified. In joint workshops with companies of the
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FOMed network, we developed 10 OCT sensor concepts, which can be subdivided in the following groups: (1)
flexible endoscopes, (2) rigid endoscopes, (3) OCT-integrated microscopes, (4) handheld probes and (5)
autonomous therapeutic systems. In the following, the details of a probe concept suitable for applications in
visceral surgery described in section 3.1 are presented.

OCT Needle Probe

Endoscope

/

] GAUT |

Concept 2:

Concept 1: Fiber Array

Transparent Sleeve

Figure 3: Needle type OCT probe for locating tumorous tissue in visceral surgery, illustrated with the liver as
use case scenario. The probe diameter is reduced below 1 mm for minimal trauma. A visual endoscope or
ultrasound imaging may be added for guiding purposes. Depending on the diameter requirements, either a single
channel (1) or multi-channel (2) concept can be realized.

Fig. 3 shows the concept of a miniaturized needle type OCT probe for the localization of tumorous regions in soft
tissues such as the liver, making it attractive for intraoperative application in laparoscopic surgery. In case of
concept 1, the result of each measurement would be an A-scan containing the tissue density profile, which can be
an indicator for tissue inhomogeneity. Concept 2 would deliver a B-scan through an array of fibers, which are
addressed by an external fiber switch or scanning device. The navigation of the probe can be supported by tracking
markers and conventional navigation systems. For decreasing the trauma associated with the insertion of the probe,
the diameter can be reduced below 1 mm. Diameters down to 0,31 mm have already been shown for concept 1 [9].
A scanning set-up using an array of 100 singlemode fibers according to concept 2 has been reported in [10].

3.3 Results of the Utility Value Analysis

For the clinical disciplines mentioned above, a number of OCT applications have been identified and combined
with the five groups of sensor concepts, resulting in 70 potential medical applications of OCT. In order to assess
and prioritize these applications with respect to their clinical and economical relevance, we developed the
following list of evaluation criteria together with our network partners: (1) utility values for clinical application
(specifity and sensitivity, duration of procedure, period of reconvalescence, recurrence rate); (2) utility values for
clinical workflow (handling, training requirements, material costs, field of view in relation to area of interest,
required human resources); (3) number of cases and cost savings; (4) utility values from industrial perspective
(degree of innovation, perceived potential, reimbursement possibilities, certification efforts, market exploitation
efforts, competitive pressure from alternatives, feasibility). Utility values in (1)-(3) were evaluated by the clinical
experts and (4) by the companies respectively. Each of the criteria listed in brackets have a value range from 1 to
10, resulting in a maximum score of 190. Medical applications of OCT, which reached the Top 4 scorings, were:
1. Handheld OCT for tumor and eczema recognition in dermatology. 2. Rigid endoscope for diagnostics of the
epithelium in the upper aero-digestive tract. 3. Rigid endoscope for diagnostics re. tumor and cartilage damages
(using PS-OCT) in orthopedics. 4. Needle type OCT probe for tumor diagnostics in visceral surgery (see sec. 3.2).
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4 Discussion

Clinical treatment decisions in surgery oncology rely on accurate data about the histological and cellular
prerequisites of the suspicious tissue area.

Unfortunately, histological examination and the following tissue-based diagnoses delays the performance of
surgery, whether it is an intraoperative frozen section or a routine procedure. Methodological approaches and
suitable devices that enable real-time tissue analysis are therefore of great relevance and clinical interest. OCT can
also contribute to paradigm change in medical imaging: The future role of OCT as a confirmation tool would lead
to new approaches in imaging routines.

According to the findings to date, there is almost no clinical discipline that has not indicated the need for action
that can be significantly supported by the use of OCT, see fig. 4.

Applications of Interest Clinical Research
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\
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ging Imaging 9y
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| | | Intra-operative Gynecology | | | : Small Animal
Dermatology Applications Urology ENT Lab-on-a-Chip Imaging
Dentistry ~ Neurosurgery [ Pulmonology
Figure 4: Overview of OCT Applications
5 Conclusion

The work carried out with the OCT research alliance FOMed was dedicated to the goal of bringing together suitable
network partners for systemic solutions and working on these together with clinically relevant solution concepts.
These should be as substantial that implementation projects can be directly defined and initiated.

From today's point of view, the goal has been to merge contributions from different partners to identify suitable
system solutions and then to deepen the defined development steps for further development steps as a suitable
approach. Within the FOMed alliance the first goal was thoroughly met.

The evolution of the OCT technology towards new devices for clinical applications is at the very beginning. The
fact that OCT has not yet established itself as a mass-attractive imaging beyond the application in ophthalmology
and in cardiovascular fields of application has, above all, to do with the fact that a single actor alone can not
succeed in implementing a new OCT device. Therefore, the continuation of the research alliance OCT is of
particular interest.

Over the past year, the FOMed Innovation Forum, an alliance of doctors and industry and research partners, has
devoted its attention to the subject and laid the groundwork for further collaboration to promote this optical
technology for new medical applications. In a joint initiative with SPECTARIS, the German Industry Association
for Optical, Medical and Mechatronic Technologies, the Fraunhofer Institute for Production Technology IPT will
establish and expand the innovation network "Innovation Hub FOMed: OCT for new medical applications". The
participants in this innovation platform include all actors involved in the field of OCT - from medical applications
to research and development of systems and components. In addition to the regular exchange of actors, the
development of high-impact consortia and the implementation of R&D projects will be promoted.
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Abstract

Dislocation of the endotracheal tube into the main bronchus and pneumothorax (PTX) are differential diagnoses
of one lung ventilation (OLV) which are difficult to distinguish in clinical practice. However, Electrical
Impedance Tomography (EIT) might be a future diagnostic tool for automatized diagnosis of a PTX. Therefore,
characterizing the appearance of single lung ventilation with open and closed chest during thoracic surgery as a
model for different entities of PTX might help to develop new diagnostic algorithms for automatized PTX
detection using EIT. We report preliminary findings of 12 patients who were monitored with EIT during thoracic
surgery. Our results show that EIT is able to correctly identify the side of OLV. Additionally, we detected an out
of phase ventilation like signal in the collapsed lung during open chest. This pattern might help to detect PTX in
EIT without a reference image.

Keywords: Pneumothorax, Electrical impedance tomography, out of phase ventilation like signal

1 Problem

Electrical Impedance Tomography is a non-invasive, radiation free, dynamic, bedside monitoring technique for
lung ventilation'. Steinmann et al* demonstrated that OLV with dual lumen tube can be detected with EIT. A
clinical scenario where the recognition of OLV is of high importance is the dislocation of the tracheal tube in the
bronchial main stem. A crucial differential diagnosis of one sided ventilation is an unilateral pneumothorax
(PTX), which can be detected with EIT as well if a reference image was recorded before’. The distinction
between both with auscultation is difficult, especially when ambient noise is high as in pre-hospital trauma
patients. Our hypothesis is that EIT is able to distinct OLV with closed (mimicking endobronchial intubation)
and open (mimicking PTX) chest, without a reference image. To test this hypothesis we conducted a clinical trial
with thoracic surgery patients, were OLV is necessary for the procedure and thoracotomy is leading to PTX.

2 Material and methods

EIT is a radiation-free, noninvasive monitoring technique. A belt with 16-32 electrodes is placed around the
chest of the patient. Through the surface electrodes, small currents are injected in the chest and resulting
potential differences between pairs of passive electrodes are measured. Using different reconstruction
algorithms, global and local impedance curves can be calculated and displayed as a real-time transversal image
of the chest depicting pulmonary ventilation.

After approval by the local ethics committee (No. EK-BR-67/17-1), we conducted an observational study in a
total of 12 patients scheduled for open or minimally-invasive thoracic surgery requiring OLV. After informed
consent, an EIT belt was placed around the patient’s chest preceding induction of anaesthesia and placement of a
double lumen tube. EIT files were recorded at different, predefined time-points with the Timpel Enlight 500 EIT
monitoring device (Timpel, Sao Paulo, Brazil).

Events recorded on EIT were induction of anesthesia and placement of the double lumen tube, check for correct
placement of the tube by subsequent clamping of one of the two lumina of the tube and ausculation, confirmative
bronchoscopy, one-lung ventilation (OLV) after opening of the chest (mimicking open pneumothorax), and re-
inflation of the collapsed lung at the end of the operation.
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3 Results

Representative results of one patient are shown in Figure one. In the shown patient during OLV of the right lung,
100% of the ventilated pixels were detected in the right region of interest (1). Correct tube placement was
confirmed or denied by EIT in all patients and verified via bronchoscopy and by auscultation. After thoracotomy
during OLV of the right lung (2A) we detected an out of phase ventilation like signal of the collapsed, left lung
that persisted throughout the procedure (2B). The absence of ventilation in the collapsed lung was assured by a
water trap, the correctly placed double lumen tube and the surgeon who did not observe any inflation of the lung.
Impedance changes of the ventilated lung was 23.6 (£0.1) AU and 7.2 (+0.1) AU of the collapsed lung over the
five shown cycles. The out of phase signal stopped when the thorax was closed and chest drains reestablished
negative pleural pressure at the end of the operation.

Figure 1: Example of EIT imaging during single lung ventilation of the right lung with closed
(1) and open chest (2). In the closed chest, the EIT ventilation map and the calculation of
ventilation distribution clearly identify isolation of the left lung. 2) Impedance curves (left side)
during single lung ventilation in the open chest. The impedance curves of the right (light grey) and
left (black) lung reveal a delayed (out of phase) ventilation signal of the left lung. The
corresponding tidal ventilation images of the EIT are depicted on the lower right side. 2A) Tidal
images at the peak of the light grey impedance curve and 2B) at the peak of the black impedance
curve.

4 Discussion

We demonstrated that EIT is able to confirm correct placement of a double lumen tube for OLV. We also found
that unilateral lung collapse with open chest generates an ipsilateral out of phase ventilation like signal whose
origin needs to be further investigated. One possible explanation is that loss of contact of the lung to the inner
chest wall alters the classical path of electrical current and therefore generates artificial, out of phase ventilation
like signals. Another explanation might be a passive movement of the collapsed lung in the thorax, following the
moving mediastinum with inspiration and expiration of the ventilated lung in lateral position. To our knowledge
this is the first description of an out of phase ventilation like pattern in EIT in open total PTX. The signal seems
to be specific for an open PTX with a completely collapsed lung and may be valuable for the development of
algorithms for automatized PTX detection using EIT. Further experimental studies are required to determine if
this phenomenon can also be identified in smaller PTX without total collapse of the affected lung.
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5 Conclusion

This case indicates that the EIT is a feasible tool to detect endobronchial intubation. The out of phase ventilation
like signal might be characteristic for open PTX in EIT and thus might help to automatically identify a life
threatening condition in an emergency scenario, where no reference image is available. Further research is
necessary to validate our results.
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Abstract

We propose the usage of ventilation images, obtained through Electrical Impedance Tomography to compute
local ventilation delays in regions or single pixels. With this method, medical users will have a tool for
identifying unilateral diaphragmatic paresis and estimating severity of inhomogeneous ventilation. Furthermore,
the method might be useful for the detection of pneumothoraces.

Keywords: Electrical Impedance Tomography, ventilation delay, diaphragmatic paresis

1 Problem

The interscalene brachial plexus block (ISB) is a common method for postoperative analgesia to reduce pain or
paresthesia caused by a shoulder surgery [1]. However, inducing anesthesia can cause more intense side effects.
Phrenic nerve blocks are a common by-product, causing unilateral diaphragmatic paresis and reducing
respiratory function even after the patient’s discharge from the hospital [2].

Diagnosing the impaired function of the diaphragm is commonly done by sonography, while the reduced
respiratory capabilities are quantified by spirometry [3]. Electrical Impedance Tomography (EIT) presents an
alternative, visualizing pulmonary ventilation through a combination of small-voltage stimulations and
measurements, performed by a multitude of electrodes around the patient’s thorax [4]. This way, it is possible to
achieve real-time monitoring of the lung’s ventilation and diagnose the hypoventilation caused by a unilateral
phrenic nerve blockage [3].

With a real-time detection method of the ventilation and its delay in one side of the lung, medical personnel
would have a tool which allows for an immediate recognition of the symptoms caused by unilateral
diaphragmatic paresis. An alternative approach would be the analysis of the relative impedance change ratio
between the left and the right half of a reconstructed tidal image. However, since the left-to-right ventilation
ratio can be unobtrusive or misleading, this work will not focus on the distribution of pixel values, but rather the
delay with which regions reach their peak value.

2 Materials and Methods

Measured voltages were filtered to reduce cardiac signals. EIT-reconstruction was done with EIDORS, an open-
source software employing the GREIT-algorithm for ventilation reconstruction by a trained 2.5D thorax-lung-
model [5].

The reconstruction returns a series of images at a resolution of 64x64 pixels. The image values represent the
relative impedance change AZ;(t) of each pixel P/ i,j | of the reconstructed image .

Following the accumulation of every single pixel trend, the global relative impedance change AZ(#) was
calculated with
| o8
AZ(t) = w ZZAZUU:) .
i=1j=1

Alternatively, the following calculations can be executed with averaged signals for predefined regions of
interest. This way, the obtained delay value describes the behavior of a lung region, reducing the amount of
contributing signals.
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End-inspiratory and end-expiratory times were calculated for the global impedance signal AZ(t) (¢ - end-
inspiratory, g - end-expiratory) and every local signal AZ;(t) (t;; - end-inspiratory, t;z - end-expiratory) with /
and E defining the type of moment and & denoting the breath number (with £ = 1, 2, ... K). Thus, it was possible
to calculate the average time delay between the global and the local extreme points for every pixel / region with

K
1 1
tijp = Ez E( Eijie — i) + (Gijere — tex) ) -
k=1

The resulting delay values are drawn on a 64x64 matrix, allowing the visualization through a colormap, whose
boundaries are based on the extreme values of the delay matrix. Finally a mask was applied to subdue pixel
values with low variance.

3 Results
J late
simultaneous
early

A B

Figure 1: Delay-Map of a patient with phrenic nerve blockage after surgery;
A — delay calculated for each pixel, B — delay calculated for regional averaged impedance signals;
red areas mark a positive delay, blue areas mark a negative delay

The resulting delay maps are images with 64x64 pixels and identify pixels / regions with a phase shift. Figure 1
displays two delay maps, one containing the calculated delay values for every pixel (A), while the other is based
on a delay calculation with four averaged pixel signals (B). The sign and magnitude of the phase shift is
distinguishable through the color and its intensity (positive - red, negative - blue).

The first map (A) shows the delay for each pixel signal, resulting in a plot showing most of the delay in the
ventral regions of the lung and especially on the left lung side (the right map side). The dorsal part of the map
has mostly negative delay values, indicating that local signals reach their extreme points well before the global
impedance signal.

The second map (B) simplifies the analysis by averaging the pixel impedance signals into 4 distinctive
quadrants, thereby reducing the calculations and dividing the final values into ventral right (1), ventral left (2),
dorsal right (3) and dorsal left (4). Quadrant 1, 3 and 4 show that the averaged signals reach their respective
extreme points earlier than the global impedance signals, while quadrant 2 shows a strong delay.

In summary, the delay map is in accordance with the diagnosed phrenic nerve block on the left side (the right
image side), caused by an ISB during shoulder surgery on the left shoulder.

4 Discussion

The proposed method provides a visual feedback for the localized delay of ventilation in corresponding lung
regions. This allows for a fast identification of regions affected by an impaired respiratory system, something
that may stem from an unilateral activation of the diaphragm. Furthermore, it is possible to divide the maps into
regions of interest, which allows for a faster diagnosis and an easier differentiation between affected lung areas
and the magnitude of their delay in regard to each other.

When compared to alternative approaches for detecting asynchronous ventilation, i.e. the left-to-right ratio, this
method enables the user to perform a better diagnosis based on dynamic information. Instead of focusing on the
relative impedance change values and their distribution, the map delivers a feedback which depends on the
regional temporal progress in regard to local air flow.
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5 Conclusion

We proposed a method for calculating the ventilation delay, occurring when nerve blocks caused by a
postoperative analgesia result in an impaired function of the diaphragm and unilateral ventilation. Through
imaging using EIT, it is possible to compare local and global times of end-inspiratory and end-expiratory
moments. The resulting plot of the delay calculation allows for a fast assertion whether or not significant delays
exist and which lung regions are affected by it. Additionally, in contrast to other works [6], our method does not
require a slow-inflation maneuver.
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Abstract

Liver and tumor segmentation plays an important role for many liver interventions. Automation of segmentation
steps will bring a substantial improvement to clinical workflows by reducing the planning time and decreasing
the inter-observer variability. While liver and tumor segmentation in CT data is a well-studied subject, only
few publications are available for MRI data. We present an automatic segmentation approach based on 2D fully
convolutional neural networks, which can be applied to both segmentation tasks not only in CT, but also in MR
images. For the challenging MRI data, we evaluated two algorithms, one using an azial network and a second
one based on three orthogonal models. The latter and better method resulted in a mean Dice index of 0.95 and
0.65 for liver and tumor segmentation, respectively. The liver segmentation quality of the method matches that
of experienced clinical users and is higher compared to other automatic approaches and results in the literature.
The tumor segmentation requires further improvements to make it comparable to the results of human experts.

Keywords: deep learning, liver, tumor, segmentation

1 Problem

Many liver interventions such as radiofrequency ablation or selective internal radiation therapy (SIRT) require
liver and tumor segmentation for procedure planning. Robust and fully automatic segmentation algorithms
could speed up the planning process and reduce the inter-observer variability of manual segmentations. Liver
and tumors exhibit large variation in shape and appearance, with the latter depending additionally on the used
imaging modality and protocol. These factors make the development of automatic segmentation algorithms
very challenging.

Several approaches have been proposed for CT images, e.g., within the recent Liver Tumor Segmentation
Challenge (LiTS) organized in 2017, where organ and tumor segmentation was evaluated [1]. The best five
methods submitted to the ISBI and MICCAI rounds used fully convolutional neural networks (FCN). These
methods included approaches using one FCN for segmentation of both liver and tumors [2], cascaded FCNs with
separate models for liver and tumors [3], and 3D networks combining original image data with features derived
from 2D models [4].

Although MRI has proven to show a significantly higher sensitivity for primary liver cancer in most stud-
ies [5], automatic segmentation in MRI has received less attention in the last five years compared to CT. To
our best knowledge, there is currently only one publication applying FCNs to MRI data for liver and tumor
segmentation [6], while other groups used established approaches for this task. Examples are Suzuki et al., who
employed a fast-marching method for rough liver segmentation followed by a geodesic active contour model
coupled with a level-set algorithm for mask refinement [7] and Le et al., who proposed a histogram-based liver
segmentation method, where the histogram analysis was done by a neural network [8]. The final liver shape was
obtained using geodesic active contours. A liver probability map was computed by Bereciartua et al., which
was subsequently used to guide the evolution of a 3D liver model [9]. Huynh et al. computed a rough liver mask
using a watershed segmentation and statistical properties of the liver [10]. The subsequent refinement step was
done with an active contour model. A method based on k-Means clustering and active contours was proposed
by Ivashchenko et al. to automatically segment the liver, hepatic artery and biliary tree [11].

In this work, we present our segmentation method based on 2D fully convolutional neural networks for liver
and tumor segmentation in MRI and its evaluation. We provide results for two different network designs and
show the influence of the training set size on the resulting liver model performance. A summary of segmentation
results in MRI data from the literature is given and discussed in comparison to the presented method and data
used. This paper extends our previous work on liver segmentation in MRI, where a first evaluation on a smaller
dataset was presented and tumor segmentation was not included [12].
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Figure 1: Overview of the neural network architecture. The numbers denote the feature map count.

2 Material and Methods

2.1 Data

For our study we used DCE-MRI images of 90 patients with primary liver cancer and/or liver metastases (76
scheduled for SIRT) acquired at Stadtisches Klinikum Dresden, Germany, on a 3T Discovery MRI scanner
(GE Healthcare Systems, USA). The image in-plane resolution ranged from 0.74 to 1.76 mm and the slice
thickness from 2 to 5 mm. For segmentations we selected the late hepatocellular phase acquired 15 min after iv-
injection of contrast agent (Primovist®, Bayer Healthcare, Germany), because it provides a high liver/tumor
and liver/surrounding organs contrast. The reference masks used for training and evaluation of automatic
methods were defined by medical radiology assistants with over ten years of experience with a semi-automatic
contouring tool [13]. The resulting dataset consisted of 90 and 85 images with reference liver and tumor seg-
mentations, respectively. The tumor dataset was smaller, because five patients had no tumors. We randomly
selected 57 (60) training, 5 (5) validation and 28 (20) test cases for training and evaluation of liver (liver tumor)
deep learning models.

Imaging data for this study was evaluated after approval by the local ethics committee (EK-BR-79/16-
1/118834).

2.2 Neural network

Architecture The employed neural network is a U-net like architecture [14] (Fig.1). The model works on
four resolution levels, which allows for accumulation of local and global features. Downscaling (upscaling) is
done using strided (transposed) 2 x 2 convolutions. Features computed in the downscaling path are passed to
the upscaling path via long skip connections. Short skip connections were added to improve the gradient flow
throughout the network [15]. Each convolution block has 2 convolutional layers using 3 x 3 filter size. Each
convolution is followed by a batch normalization layer and ReLU activation function. To avoid overfitting we
used spatial dropout in the upscaling path with drop probability 0.5.

Training We trained the networks using 2D image patches (size 228 x 228) and mini-batch size of 16. Because
all convolutions are computed in the so-called valid mode, the input was reflectively padded with 45 pixels on
each side. We employed the soft dice as a loss function, which was computed on the pixelwise softmax of the
network output. We trained the models using the Adam optimizer with 10~* learning rate. During validation
(every 500 training steps) the model quality was evaluated using the Jaccard coefficient. The training was
stopped if the model quality had not improved for 20 validations.

Data preprocessing To normalize the MR images, we mapped the intensities between the 2nd and 98th
percentile of each 3D volume to the [0, 1] range. Values outside of the target range were clipped. Images were
resampled to 2mm isotropic voxel size. We augmented the training dataset by random rotations aldeg] ~
N(0,10) and random intensity shifts z ~ N(0,0.1).

2.3 Segmentation pipeline

We trained separate models for liver and tumor segmentation. For both segmentation tasks, we consider
two types of segmentation pipelines: the first one (Azial) employs one model trained with axial patches; the
second one (OrthoMean) is a triplanar approach using three networks trained on axial, coronal and sagittal
patches [16]. The output of OrthoMean is computed as an average of masks produced by the three models.
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The final segmentation is obtained by applying a threshold of 0.5. For the liver segmentation only the biggest
connected component is retained, whereas the tumor segmentation output is masked with a liver region to
remove false positives found outside of the organ.

2.4 Segmentation evaluation

We evaluated the segmentation quality by comparing the automatic results with the reference on the test cases
left out for evaluation. The quality was assessed using the Dice index (DICE) and relative volume error (RVE).
Additionally, we reported processing times on a desktop PC (Intel Core i7-4770K, 32GB RAM, NVIDIA Titan
Xp). All significance tests were done using the Wilcoxon signed-rank test at 0.05 level.

3 Results

3.1 Liver segmentation

We computed the liver segmentation for 28 test cases. Box plots showing DICE distribution for Azial and
OrthoMean when varying the number of training cases are shown in Fig.2. All increases of the training size
led to a significantly better DICE except for transitions 20-30, 50-57 for Axial and 40-50, 50-57 for OrthoMean.
The DICE for Azial and OrthoMean trained on all training cases was 0.946 and 0.951, respectively (details are
given in Tab.1). OrthoMean showed significantly better liver segmentations than Azial according to DICE,
while there was no significant difference for the RVE metric. Example cases and results of both approaches are
shown in Fig. 3. Large liver tumors located near the organ boundary led in one case to incorrect exclusion of
liver region from the segmentation mask (Fig. 3b). The processing time for Azial was faster than for OrthoMean
(factor of 3).

(a) (b)

Figure 2: Box plots showing the relationship between the training set size and DICE computed on test cases
for Awial (a) and OrthoMean (b).

Table 1: Evaluation results (mean + stddev) for liver and tumor segmentation.

DICE RVE[%)] t[s]
Liver
Azial 0.946 + 0.018 4.20 + 3.34 2.05 + 0.34
OrthoMean 0.951 £+ 0.018 4.20 + 3.65 7.32 +£ 0.36
Tumor
Azial 0.627 £ 0.241 48.9 4+ 53.3 1.73 £ 0.73
OrthoMean 0.647 + 0.210 35.9 + 28.2 7.63 £ 2.23

3.2 Liver tumor segmentation

The evaluation results for 20 test cases are summarized in Tab. 1. The output of tumor segmentation models was
limited to the reference liver masks to avoid influence of liver segmentation quality on the tumor segmentation
results. No significant differences were found between OrthoMean and Azial for DICE and RVE. Fig. 4 shows
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Figure 3: Example liver segmentation results of Azial (solid) and OrthoMean (dashed) compared with reference
(white). (a) Case where both approaches produced accurate segmentations (0.97 and 0.98 DICE for Awial and
OrthoMean, respectively). (b) Case with a big tumor in the left liver lobe causing segmentation errors (0.93 and
0.91). (c) Case where the additional orientations used by OrthoMean improved the results in the left liver lobe
compared to Azial (0.91 and 0.95).

exemplary cases and outputs of both methods. Both approaches were able to produce results close to the
reference in many cases (Fig. 4a, 4b). In some cases, additional orientations used by OrthoMean helped to detect
small tumors (Fig.4a), in others they caused errors (Fig.4c). Similarly to liver segmentation, the processing
time of OrthoMean was approximately 3 times that of Azial.

3 ‘J.’

LT il

Figure 4: Example tumor segmentation results of Azial (solid) and OrthoMean (dashed) compared with ref-
erence (white). (a) Case with the highest DICE score (0.84 and 0.87 for Azial and OrthoMean, respectively).
(b) Case with a low RVE 3% and 7% for Awial and OrthoMean, respectively (0.84 and 0.85). (c) Case where
substantial part of a very big tumor was missed by OrthoMean (0.87 and 0.83).

4 Discussion

Liver segmentation When comparing the two approaches of Azial and OrthoMean, the additional image
orientations used by OrthoMean helped to increase the segmentation quality in particular in cases of resected
livers (Fig.3c). The liver segmentation quality of both investigated approaches was comparable to that of
routine segmentations done by one radiologist and two residents as reported in[12]: 0.9440.02, 0.95+0.02,
0.95+0.02 and 5.37+4.38, 3.63+4.57, 4.33+4.62 for DICE and RVE[%], respectively. Comparing the results
of our approaches to the accuracy measures of other automatic methods given in the literature, the achieved
DICE was higher for our method (Tab.2). This is particularly remarkable, since we trained and applied
our algorithms to a highly challenging dataset with patients mostly scheduled for radioembolisation and thus
including a large number of tumors and diseased livers. It is important to note, that a comparison based on




CURAC 2018

literature remains difficult due to patient and image differences (scanner type, acquisition protocol, contrast
agent, liver pathologies, etc.).

Tumor segmentation The DICE for our two approaches was 0.627 and 0.647 comparing the results to the
reference defined by the experts. The DICE of 0.697 reported by Christ et al. was a bit higher, but a direct
comparison seems not to be applicable due to differences in datasets used for evaluation with respect to image
resolution and acquisition protocols for example (late-phase of contrast-enhanced MRI vs. diffusion weighted
images, see Tab. 2 for details). Nevertheless, both approaches are far from matching human performance, which
according to an inter-reader study can achieve a DICE of 0.90-0.93 [17]. One of the reasons for such a big quality
difference may be the fact, that clinicians in contrast to our method use more than one contrast phase or MRI
sequence for segmentation purposes.

Liver vs. tumor Although we applied the same method to both segmentation tasks, the liver models produced
segmentations of a substantially higher quality than the tumor ones. This difference could be explained by the
fact, that tumors exhibit a bigger variability in shape and appearance compared to the liver. Thus, collecting
more training data with different tumor types would help to improve the tumor segmentation performance.

Table 2: Comparison of our approaches to results from the literature on automatic liver and tumor segmentation

in MRI.
Dataset
DICE ” Sequence Scanner Resolution Slice thickness
[mm] [mm)]
Liver
. 0.946 £ 0.018, .
Azial, OrthoMean 0.951 + 0.018 90 LAVA 3T Discovery(GE) 0.74-1.76 2.0-5.0
Christ et al. [6] 0.870 31 n/a 1.5T Avanto(Siemens) n/a 5.0
LAVA 1.5T Signa
Suzuki et al. [7] 0.936 + 0.017* 23 ’ HDx/HDxt(GE), 1.5T 1.17-1.72 4.0-5.0
THRIVE . Jise
Achieva(Philips)
Le et al. [§] 0.910 + 0.028 10 VIBE 1.5T Avanto(Siemens) 1.18-1.40 3.5-4.0
Bereciartua et al. [9] 0.902 + 0.086 18 VIBE 1.5T Avanto(Siemens) n/a n/a
1.5T Signa
VIBE,
Huynh et al. [10] 0911+ 0019 27 LAVA,  HDx/HDxt(GE), 1.5T 1.17-1.72 3.5-5.0
Achieva(Philips), 1.5T
THRIVE .
Avanto(Siemens)
Ivashchenko et al. [11] n/a 5 mDIXON n/a 1.00 1.5
Tumor
. 0.627 £ 0.241, .
Awzial, OrthoMean 0.647 + 0.210 85 LAVA 3T Discovery(GE) 0.74-1.76 2.0-5.0
Christ et al. [6] 0.697 31 n/a 1.5T Avanto(Siemens) n/a 5.0

* Average for CT and MRI dataset.

5 Conclusion

In this work, we presented two deep learning based approaches for automatic liver and liver tumor segmentation
in MR images. We evaluated both methods on data including mostly patients scheduled for SIRT, which is
particularly challenging due to numerous liver pathologies. Our triplanar segmentation algorithm OrthoMean
using three image orientations resulted in segmentations of higher quality for liver than Azial. The liver
segmentations showed a similar accuracy compared to routine segmentations done by clinicians and achieved
higher mean Dice score than other automatic methods given in the literature. The quality of tumor segmentation
was relatively low compared to that of the liver segmentation. One option to increase the performance of tumor
segmentation models may be increasing the size of the training data set. Moreover, other architectures as 3D
networks, which we are currently evaluating, or using additional contrast phases and MRI sequences (future
work) could further increase the segmentation accuracy. To allow for direct comparisons of automatic methods
abenchmark for liver and tumor segmentation in MRI similar to the LiTS challenge would be helpful.
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Abstract

In recent years, percutaneous ablations of hepatic lesions are becoming a viable alternative to liver resection.
Currently, radiologists’ subjective evaluation of the ablation success is considered as gold standard. However,
further improvements in ablation technique require quantitative evaluation.

To compute such evaluation autonomously, it is necessary to annotate both lesions and resulting ablation zones.
This responsibility has been recently transferred from physician to automatic methods based on computer vision
and machine learning algorithms. Nevertheless, latter method requires currently unavailable large amounts of
data. A semi-automatic method for lesion annotation could be a solution to this issue.

During intervention, metrics computed from annotated data will be used to support outcome evaluation. Metrics
can be devised on basis of volume or distance measurement. Introduced metrics include coverage ratios and
distances, in order to confirm sufficient size of ablation margin. Resulting set of evaluation criteria will provide
tools for future studies of treatment results.

Keywords: Thermal Ablation, Image Segmentation, Quantitative Measurement, Image Processing

1 Problem

Percutaneous microwave ablation is a minimally invasive, image-guided therapy for the local treatment of primary
and secondary hepatic lesions in selected patients. Microwave ablation is an alternative therapy if surgical
resection, which is considered to be the gold standard, is contraindicated. This therapy aims to encompass the
lesion and a 5-10 mm safety margin of tissue around it for complete destruction of the cancerous cells. The
outcome of the ablation therapy is evaluated in clinical practice intra-operatively. During a CT-guided
intervention, the physician visualizes the resulted necrosis area post-ablation on a CT image. If the physician
decides that the lesion was not completely ablated, re-ablation of the lesion is performed. Generally, it is assumed
that risk of local recurrence increases in case the minimal safety margin of 5-10mm is not achieved. However, a
visual assessment of such small range of distances between two 3D objects could be not only challenging, but also
subjective and thus error prone. To address this issue a quantitative way to assess the outcome of the ablation
therapy is necessary. To the best of our knowledge, most quantitative assessment tools for ablation outcome were
only used post-operatively and focused on retrospective analysis. Moreover, their end goal were registration
benefits and accuracy, and not treatment efficacy evaluation [1], [2].

In order to obtain quantitative metrics, in the first step, the lesion and the ablation must be delineated accordingly.
The physicians defines the margins of the lesion and ablation and approximates the distance between the two
mentally. An annotation tool that provides fast and accurate segmentations of liver structures intra-operatively
would enable not only the computation of quantitative metrics, but also the creation of valuable ground-truth data.
Nonetheless, creating such database proves to be a time-consuming task to be performed mundanely during or
outside the intervention [3], [4]. With development of machine learning and image processing algorithms, this
process can be accelerated [3].

In recent years, machine learning and expert systems were developed capable of handling image segmentation
tasks for lesions [S]-[7]. However, there are no sufficiently large datasets to cover all peculiarities of lesion and
specifically, ablation segmentation. Specific tissue changes in different types of lesions and different ablation
modalities have many degrees of freedom, resulting in unsatisfactory automatic segmentation, consequently
increasing the demand for user input. One way to minimize user interaction is to employ semi-automatic methods
to initialize segmentation and manual correction tool. For such initialization, there is a large spectrum of algorithms
that allow for efficient segmentation initialization [8].
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2 Material and Methods

The following workflow is already established in commercial systems for computer-assisted surgery. Before the
intervention, a CT scan is acquired with contrast agent, followed by identification of lesions for planning purposes.
After planning, the ablation probe is placed precisely into the lesion using image guided navigation. In the next
step, the probe position is verified and ablation is performed. After intervention, post interventional contrast CT
scan is used to identify the ablation zone. The physician visually evaluates the result of ablation with overlaid pre-
and post- interventional CT scan. In case of insufficiently ablated lesion, intervention is repeated. As an extension
of current workflow in commercial system (CAS-One IR), image annotation tool and quantitative metrics are
proposed.

2.1 Image Segmentation

The image annotation tool integrated into the computer-assisted system employs a semi-automatic algorithm. The
Fast Marching algorithm [9] was selected based on speed, sufficiently accurate segmentation and minimal user
input. The only user interaction required is initialization of the algorithm by setting the seed point.

In principle, fast marching algorithm considers image as topological map, on which curve is evolved. Curve
parameters can be obtained by solving boundary conditions problem. For each voxel of segmented region of
interest, speed function F| @] is calculated producing time of arrival t from selected initial seed point x to every
voxel in volume, as stated in following equations [9]:

¢t+F|V¢>| =0, (1)

®(x,t =0) = given 2)
Resulting image with times of arrival is thresholded to obtain binary segmentation mask.

In case the initial annotation of the liver structure is not deemed satisfactory by the physician, adjustment can be
performed with a manual annotation tool.

2.2 Ablation efficacy metrics

To quantitatively measure the outcome of the ablation treatment multiple metrics are proposed. These are defined
by volume and distance metrics.

Euclidian distances between individual surface voxels of ablation and lesion were calculated using Maurer's
algorithm[10]. To visualize the relative frequency of distances from lesion surface to ablation surface the distances
were displayed into a histogram. Moreover, a traffic light color coding scheme was applied to distinguish the safety
margin convention as shown in Figure 1.
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Figure 1: Surface-to-surface histogram created on the synthetic example. Colors represent
adequacy of achieved margin (red — up to Omm, ablation does not cover lesion volume completely,
yellow — up to 5mm, ablation does not cover ablation margin completely; green — over 5Smm,
sufficient margin of ablation)
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To complement information from the histogram, volume based metrics are implemented to provide overall status
of ablation efficacy and create a parameter of comparison for future studies. Therefore, we propose to assess
completeness of lesion destruction by Volume Coverage Ratio (VCR):

: (€)

where V4 is volume of ablation, V| is target investigated volume. VCR can be applied to lesion volume resulting
in Lesion Coverage Ratio (LCR), or lesion volume extended to demanded ablation margin, resulting in Margin
Coverage Ratio (MCR). The residual lesion volume (V) was also computed.

[Vanvyl
Vil

VCR=1-—

All of these metrics can be intraoperatively displayed to performing staff in order to quantitatively assess the
outcome of ablation treatment.

2.3 Experiment

As CT scanners vary from model to model, spatial resolution is one the key factors in precision of proposed
metrics. Therefore, three settings of spatial resolution are tested, namely 0.5mm, Imm and 1.5mm, as values used
by common CT scanners.

To assess precision of metrics under such conditions, synthetic examples were crafted. First example consists of
concentric spherical masks, with ablation zone with radius of 15mm and lesion with radius of 10mm, second one
of identical sphere masks (radius 10mm) and third one of spheres with same radius (10mm) and offset of 2mm.

Precision of three metrics is evaluated. For volume measurement, difference in volume of spheres is measured.
Distance based metrics are evaluated on spheres with different diameters. Precision of VCR is evaluated on
identical spheres with shifted centers.

3 Results

In Tables 1-3 results of precision measurements are presented. Table 1. contains results for volume measurements,
in which real volume is calculated by empirical formula for sphere and measured volume is calculated from volume
of voxels in binary mask.

Table 1. Volume measurement accuracy

Real Measured Volume
Spacing Volume | Volume | Difference
[mm)] [ml] [ml] [%]
0,5 4,18 4,18 0
1 4,18 4,17 0,24
1,5 4,18 4,17 0,24

Table 2. contains results for surface-to-surface distance measurements from ablation to lesion surface.

Table 2: Distance measurement accuracy

. Maximal Surface- | Minimal Surface- | Median Surface- .
Spacing . Real Distance
[mm] to-surface Distance to-surface to-surface [mm]
[mm] Distance [mm)] Distance [mm]
0,5 9,07 43 5,1 5
1 5,1 3,46 4,36 5
1,5 4,85 2,5 3,35 5
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Table 3. contains results for volume coverage measurements, in which VCR real was calculated by using empirical
formula to evaluate volume of overlapping spheres and VCR measured was calculated using equation 3.

Table 3. Volume coverage ratio accuracy

. VCR VCR
Spacing | VCR |\ cured | Difference
[mm] Real [-] [-] [%)]
0,5 0,78 0,78 0
1 0,78 0,78 0
1.5 0,78 0,78 0

4 Discussion

The results obtained in Tables 1 and 3 support the fact that the volume metrics are suitable for a quantitative
assessment of the ablation therapy.

Table 2 introduces results of surface-to-surface distances. The difference between real and measured distances can
be explained by surface calculation algorithm's imperfections. Difference can be further decreased by increasing
mask resolution.

For both types of metrics, it’s necessary to take into account registration error between images. Results of
measurements are more likely to be affected more by registration error between pre- and post- interventional
image, than by inaccuracies of segmentation, voxel partitioning and low resolution.

5 Conclusion

Improvements in quantifying MWA results and procedure efficacy require further improvements in methods of
evaluation. Such incremental improvements require modern image processing methods and their application
specific optimization, in order to increase efficacy of intervention and decrease duration of intervention. In addition
introduced quantitative measures improve reproducibility of intervention. .

6 The presented framework is the first step towards a quantitative
intra-operative evaluation, given we found no previous established
ground work. From clinicians’ point of view, added value of the
framework lies in precise measurements available to aid expert
decision. By incorporating such solution into commercial systems,
large amount of data can be produced to study efficacy of image
guided percutaneous ablation. Future work can also be oriented on
retrospective analysis of percutaneous interventions.
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Abstract

Finding an individualized therapy decision for a cancer patient remains a challenge for interdisciplinary teams.
The large amount of treatment options, their possible combinations, and the respective medical knowledge must
be digested to finally decide for the most promising treatment. In this work, we propose a concept for the imi-
tation of patient characteristics for treatment decision support based on a digital patient model. This will allow
the interdisciplinary team to evaluate the possible outcomes that are produced by different clinical scenarios.
We conclude that with the aid of such a system, the experts can weigh the results of different treatments more
efficiently and thereby increase treatment success and patient safety.

Keywords: Clinical Decision Support, Digital Patient Model, Head and Neck Cancer

1 Introduction

Model-based decision support systems can assist interdisciplinary teams in finding suitable and individualized
treatments. Using Bayesian Networks (BN), decisions can be modeled based on guidelines, studies, and clinicians
expertise [1]. Utilizing patient-specific data from the hospital information system (HIS), the resulting patient-
specific model may support therapeutic decision making [2]. It can calculate unobserved data (e.g. therapy side
effects) and propose suitable treatments with the most desirable outcomes. Our approach expands the previous
work on model-based clinical decision support by Cypko et al. [3] with an exemplaric model for laryngeal cancer.

Oftentimes, physicians discuss possible different scenarios that might occur after the treatment was perfor-
med to weigh the suitability of the treatment. A digital model of the patient that integrates knowledge about
all potential outcomes might assist in the recognition of the relation between the patient’s situation, the chosen
therapy and the desired outcome.

Simulation and imitation has always been used as a method for testing new scenarios, related to a potentially
dangerous procedure, in a manner that eliminated the hazards of potentially unintended consequences for
patients and harmful therapy procedures or side effects (e.g. in surgery or chemotherapy) [4]. Especially in
complex diseases and therapy procedures with harmful features, like chemotherapy, we believe that the imitation
of patients’ characteristics and processes can increase the safety of treatment decisions.

2 Materials and methods

The prototypical model-based decision support system by Cypko et al. relies on the integration of patient-specific
data. These data are transferred from the HIS into the model. For every patient, a specific individualized model
is instantiated. It proposes the inferred therapy options and provides ways for interaction. It is enhanced with the
proper medical knowledge that the inference algorithm is based on. However, it can only depict the calculations
based on the real-life scenario. Additional functions for a comprehensive analysis of a case and safe, experienced
decision making are needed [5, 6]. Useful features would be:

e presentation of inference results of most suitable treatment options
e imitation of certain patient entities (e.g. selecting different treatment options or quality of life-factors)
e triggering of the inference algorithm based on imitated data

e storing different imitation-scenarios to be discussed and evaluated by the interdisciplinary team

Based on these factors, we propose a concept of integrated patient data and simulated patient scenarios to
properly evaluate an oncological case.
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3 Results

We propose a two-layered approach. On the first layer, the existing patient-specific data is integrated into the
decision model. Using the exemplaric decision model for laryngeal cancer, these would comprise of diagnostic
data from radiology, pathology, clinical examinations and so on. Based on these data, unobservable entities will
be inferred (e.g. suitable treatment options). On the second layer, to be able to imitate a patient’s situation, it
must be possible to enter different types of data. Not only the diagnostic (observable) entities must be entered
to depict different scenarios. Also, the unobservable entities influence the inference algorithm.

When creating a simulated patient scenario for decision support, at first, all patient-specific data from the
patient record are integrated into the model. Secondly, different entities can be changed according to the scenario
that is created. This process comprises of the added (unobservable) values as well as changed values to observed
variables that may have already been set by the data from the patient file. Hence, simulated entities override
already set values from observed data. Simulated patient scenarios would comprise of the following data:

procedural data all observed data from electronic patient record
simulated data all manual entered entries, possibly overriding the procedural data

For a comprehensive understanding of a patient’s situation, several different imitated scenarios would be
necessary, next to the original patient-specific model, to compare possible procedures and outcomes. For ex-
ample, in preparation of a upcoming tumorboard meeting, the attending physician imitates different treatment
options by setting the information on the specific options and comparing the respective outcomes to assess the
causal relations. He or she would then take the conclusions to present the case to the interdisciplinary team.

4 Discussion

Imitating patient data or clinical scenarios respectively does not replace the thorough studying of the clinical
case. Decisions must be made based on clinical knowledge, evidences and experiences. But given complex
oncological cases, where the variety of correlations and possible procedures are vast, the assessment of the
next steps in the clinical pathway can be supported by providing information on different possible outcomes.
However, it must be made clear that the scenario that is examined is a manually entered, imitated scenario.
All reasoning steps must be provided with the respective medical knowledge that underlie the calculation. Data
storage of simulated entities must be separated from the regular electronic patient file, so that no simulated
data is wrongfully used in the clinical daily routine.

5 Conclusion

Imitation of clinical scenarios seems to be a promising method so support decision making. We will implement
the proposed approach and integrate it into an existing decision support architecture. The system will be
installed for study purposes in the University hospital Leipzig and evaluated with the medical experts from the
ENT department.

6 References

[1] Cypko MA, Stoehr M, Oeltze-Jafra S, Dietz A, Lemke HU. A Guide for Constructing Bayesian Net-
work Graphs of Cancer Treatment Decisions. Studies in Health Technology and Informatics 2017:1355-1355.
doi:10.3233/978-1-61499-830-3-1355.

2] Gaebel J, Cypko MA, Lemke HU. Accessing Patient Information for Probabilistic Patient Models
Using Ezisting Standards. Stud Health Technol Inform. 2016;223:107-12.
[3] Cypko MA, Stoehr M, Kozniewski M, Druzdzel MJ, Dietz A, Berliner L, Lemke HU. Validation

workflow for a clinical Bayesian network model in multidisciplinary decision making in head and neck oncology
treatment. International Journal of Computer Assisted Radiology and Surgery. 2017:1-12.

[4] Moss J, Berner E. Evaluating clinical decision support tools for medication administration safety in a
simulated environment. International Journal of Medical Informatics, 2015(84:5):3081-318,ISSN 1386-15056.
[5] Kneebone RL. Practice, Rehearsal, and Performance:An Approach for Simulation-Based Surgical and
Procedure Training. JAMA. 2009;302(12):1336-1338. doi:10.1001/jama.2009.1392

[6] Doudican NA, Kumar A, Singh NK et al. Personalization of cancer treatment using predictive simu-
lation. J Transl Med. 2015 Feb 1;13:43. doi: 10.1186/s12967-015-0399-y.




CURAC 2018

Towards the optimization of generator modulation and applicator
positions for radiofrequency ablation of spine metastases

Caroline v. Dresky', Hanne Ballhausen', Mathias Becker?, Steffen Serowy?, Martin Skalej?, Christian Rieder!

L Fraunhofer MEVIS, Institute for Medical Image Computing, Bremen, Germany
2 Institute of Neuroradiology, Otto von Guericke University Magdeburg, Germany

Contact: caroline.von.dresky@mevis.fraunhofer.de

Abstract We suggest a method for advanced generator modulation and electrode positioning for radiofrequency
ablation. This method is based on a patient individual numerical simulation of the therapy. The treatment is
simulated for various different applicator positions while ensuring that risk structures are protected by deacti-
vating electrodes that cause too high temperatures. The optimal treatment is chosen by means of an evaluation
formula weighting the therapy goals in a user preferred manner. This method shall support the forward plan-
ning of spinal metastases ablations.

Keywords: radiofrequency ablation, therapy planning, optimization of treatment parameters

1 Problem

Radiofrequency ablation (RFA) is a procedure option for the palliative treatment of painful spinal metastases
based on local tissue heating. The goal is the complete coagulation of the metastases while protecting sur-
rounding risk structures such as the spinal canal from overheating. To achieve this, electrode positions and
ablation parameters have to be chosen carefully. Hence, a method for the determination of applicator position
and generator modulation resulting in an optimal temperature distribution in the tissue is desirable. However,
as this is a complex procedure, we present a method that improves the result of the standard therapy, but not
necessarily yields the optimal solution. To this end, we developed a numerical simulation method that improves
the standard generator modulation as well as applicator positions and predicts the treatment outcome.

In the last years, numerical methods to simulate the thermal necrosis including cooling effects (1, 2, 3) as
well as fast approximations based on such simulations (4) have been developed to estimate the therapy outcome
in particular for ablation of liver tumors. Recently, numerical simulations have been also presented for spine
metastases (5, 6). To automate the access path determination, methods have been proposed which aim at the
optimization of the percentage of destroyed tumor volume either by approximating the coagulation necrosis with
ellipsoids (7) or by utilizing simulation methods (8). Also, multiple additional clinically relevant criteria such
as distance to risk structures, path length, and angulation have been considered (9, 10, 11). A comprehensive
discussion of related work is presented in (12).

2 Material and Methods

The proposed procedure is based on a numerical method developed for the patient individual simulation of
the temperature distribution of RFA therapies. A screenshot of the simulation platform is shown in figure 1.
The standard modulation for a multipolar RFA Celon generator is the switch between all possible electrode
configurations considering the impedance of the tissue. In the case of two applicators comprising two electrodes
each, the generator switches between six combinations. Due to the anatomical situation, the two applicators
can not be placed in parallel on both sides of the spinal canal, for which reason this procedure does not
necessarily result in the optimal necrosis shape. Therefore, we consider variations in the generator modulation.
Moreover, we allow shiftings of the applicators. From the clinical perspective, there are only marginal variation
possibilities in the access paths. Hence, we restrict the method to small variations of the applicator tips while
the skin penetration point remains fixed.

The indicated variation options result in four different methods for the choice of generator modulation and
applicator position, which will be discussed in some more detail in the following.

2.1 Standard generator modulation

To simulate the therapy outcome using the standard generator modulation, we consult data of real RFA ther-
apies. We consider the applicator positions chosen by the clinician and switch the generator every two seconds
to the next of the six possible electrode combinations.
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Figure 1: Platform for the patient individual simulation and advanced parameter determination for radiofre-
quency ablation of spine metastases. The current viewer setting reveals the segmented spinal canal and the
temperature field resulting from the simulation in 3D as well as in three orthogonal slices underlaid with the
corresponding magnetic resonance images.

2.2 Advanced generator modulation

We start the simulation using the standard generator modulation. In order to prevent risk structures from
overheating, we check the maximum temperature in the respective tissue after each two seconds of simulation.
In this context we focus only on the spinal canal as most important risk structure. If the temperature exceeds a
predefined threshold temperature, the electrode, which is closest to the position of the maximum temperature,
is turned off and with this all combinations involving the respective electrode will not be used anymore. The
generator switches then between the remaining electrode combinations until the temperature in the risk structure
rises further or the therapy duration is reached. In case the electrode next to the overheated tissue is already
switched off, the second closest electrode is deactivated, and so on. If a predefined critical temperature is
reached, the therapy is terminated immediately. This procedure, which is sketched in figure 2, ensures that
risk structures are not harmed and moreover, it allows for the continuation of the treatment — far enough from
the tissue at risk — although high temperatures are reached. The result of this advanced generator modulation
procedure is a therapy plan consisting of a specific order of the six electrode combinations. The resulting
treatment duration might be shorter than the aimed one.

2.3 Advanced applicator positioning

In order to allow for small variations in the electrode positions, we place a cube of appropriate size over each
applicator so that the target position, i.e. the position in the middle of both electrodes, is in the center, and the
lateral faces of the cube are all perpendicular or parallel to the shaft (see figure 3). Additional target positions
are the center points of the six faces of the cube, so that we get seven positions for each applicator and hence
49 positions in combination.

Subsequently, we simulate the therapy for each of the 49 applicator positions using the standard generator
modulation. For each simulation result, we compute an evaluation value, so that the highest score defines the
best therapy outcome and hence the best applicator positions. The evaluation formula respects the following
goals:

(i) The fraction of the metastasis, which is ablated (V%% /V,,.;), shall be maximized.
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Figure 2: Advanced generator modulation: In decision 1 it is tested whether the maximum temperature in the
risk tissue is below the predefined critical temperature, whether at least one generator configuration is active
and whether the simulation time already performed is less than the predefined ablation time. In decision 2 it is
checked whether the mazimum temperature in the risk material is below a predefined threshold temperature.

(i) The fraction of the total ablation, which is inside the metastasis (V,2 /V,2%l ) shall me maximized.

(iii) Risk structures shall be protected by ensuring that a predefined critical temperature is not exceeded.

The formula used in this context is a weighting of goals (i) and (ii), while applicator positions contradicting
goal (iii) are not incorporated in the optimization step:

(V Vabl V(Lbl ) _ f . V#L}élt + (1 _ f) . V"%I;Zt f c [0 1] (1)
9\Vmets Vimets Vtotal) = Vinet V;falt)ll7 [

As can easily be seen, the evaluation value ¢ is in the interval [0, 1], and the higher the score for a fixed factor
f the better.

2.4 Advanced generator modulation and applicator positioning

The final method suggested here combines both approaches, namely the advanced applicator positioning and the
advanced generator modulation. To this end we simulate the therapy once more for all 49 position combinations,
as described in 2.3. However, in contrast to the simple applicator positioning we use the advanced generator
modulation instead of the standard one for each therapy simulation. Hence, all 49 simulations meet goal (iii)
and will be incorporated in the optimization step, which also uses function (1).

3 Results

We compared the simulation results of the four methods discussed above applied to real clinical data sets.
More precisely, we used the planning MR images along with the segmentation of metastasis, vertebra, and
spinal canal as well as the information on the applicator positions extracted from intraoperative images. Then,
we performed patient individual simulations with all four methods for 900s with a generator power of 50 W.
We considered only one risk structure, namely the spinal canal, with a threshold temperature of 40°C and a
critical temperature of 40.1°C. For the position variation we chose the side length of the cube to be 3mm, and
the evaluation factor in formula (1) is f = 0.6. The results for two exemplary patients are listed in table 1,
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Figure 3: Advanced applicator positioning: While the cross on the applicator marks the initial target position,
the center points of the six lateral cube faces are the additional target positions used in the advanced applicator
positioning procedure.

where capital letters denote the rows for both patients and numbers indicate columns used for references in the
following discussion. The columns comprise the outcomes of the four methods, namely

e the result of the standard procedure, supplemented by the intermediate result at reaching the threshold
temperature in the spinal canal,

e the outcome of the advanced generator modulation, which is computed for the same applicator positions
as the standard procedure, as indicated by the numbers in row A,

e the best output of the 49 simulations performed in the advanced applicator positioning procedure, and

e the result linked to the largest of the 49 evaluation values achieved in the advanced generator modulation
and applicator positioning method.

4 Discussion

The standard generator configuration can yield high temperature in risk structures, as seen in cells B1 in table 1.
In contrast, all three suggested methods restrict this temperature, which is evident in rows B. Instead of just
terminating the therapy as soon as the threshold temperature is reached, which is shown in column 2, the
advanced generator modulation method continues the treatment far enough from the tissue at risk. This can be
understood by a comparison of G2 and G3. In this way we can reach larger ablation volumes and higher fractions
of the metastasis that are ablated, which is seen by comparing C2 and C3 as well as D2 and D3. The reason
that the evaluation value of the advanced generator modulation result can be worse than for the terminated
standard procedure, as seen in H2 and H3 for patient 2, is the following: Due to the fact that we only consider
the spinal canal as risk structure, the advanced generator modulation does not prohibit that even a large part of
the ablation is created outside the metastasis in the surrounding tissue. Although the protection of this tissue
is not part of the simulation, the evaluation formula takes the fragmentation of the ablation (inside/outside the
metastasis) into account and hence penalizes the ablation outside the metastasis. However, in order to account
for goal (ii) already in the simulation, future analyses could also define threshold temperatures for vertebra and
vertebra surrounding tissue. The advanced applicator positioning process considers various different applicator
positions in the neighborhood of the standard position and hence provides the opportunity to find a position
yielding better therapy results than the standard modulation, as is evident from H1 and H4 for patient 2.
However, as it is based on the standard generator modulation for the respective position, which does not
protect risk structures, it is not guaranteed that this procedure yields an acceptable result at all, as is the case
in column 4 for patient 1. In order to assure that we end up with an acceptable therapy plan, we combine the
advanced applicator positioning with the advanced generator modulation, which is presented in column 5. As
expected, this method yields the best results. It is related to the largest evaluation value, reported in rows H,
and a therapy duration shorter than the standard one, which is seen in rows F.

5 Conclusion

The results indicate that the presented advanced generator modulation and applicator positioning method
has the potential to create a patient individual therapy plan, which yields better results than the standard
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treatment procedure. The risk tissue is protected, the ablation result might be more satisfying and in some
cases the treatment duration can be shortened. In order to strengthen this indication, further validation based
on phantom data as well as patient data is needed. Moreover, not only the spinal canal but also other tissue
should be protected. If we defined threshold and critical temperatures for vertebra or surrounding tissue, the
fraction of the ablation, which is outside the metastasis, could be further limited. So far, we concentrated only
on the procedures but not on computing times, which are currently in the order of hours for the simulation of 49
therapies of 900 s. Therefore, it will be necessary to shorten this duration by means of code optimization as well
as a sophisticated decision on the number of simulations and applicator positions to be taken into account in the
clinical environment. Finally, it should be emphasized that the proposed method is a simplified optimization,
which is based on the selection of the best result out of a limited number of cases. In further analyses, this
procedure should be compared to a profound optimization method with respect to quality of the results as well
as time required for the computation of a therapy plan.

Table 1: Results of patient individual treatment simulations using the standard generator modulation, the ad-
vanced generator modulation, the advanced applicator positioning and the advanced generator modulation as
well as applicator positioning method.

1 2 3 4 5
characteristics standard mo‘dulation advanced advanced advanced
generator applicator generator
termination | 1modulation positioning mod./appli-
Temperature cator pos.
automatic protection of risk + + (+)? +
structures
consideration of multiple ap- + +
plicator positions
PATIENT 1
A | applicator position 1 1 1 - 2
B | maximum temperature in 42.9 40.0 40.0 - 40.0
spinal canal (in °C)
C | ablation volume (in cm?) 29.5 2.9 22.9 - 23.3
D | fraction of metastasis, which 93.7 11.9 88.8 - 91.8
is ablated (in %)
E | fraction of total ablation, 43.0 55.7 52.4 - 53.6
which is in metastasis (in %)
F | therapy duration (in s) 900 126 606 - 606
G | therapy duration per config- | 150,150,150, 22,22.22, | 182,22,22, - 190,12,12,
uration (in s) 150,150,150 | 20,20,20 178,20,182 190,12,190
H | evaluation value 0.734 0.458 0.742 - 0.765
PATIENT 2
A | applicator position 1 1 1 2 3
B | maximum temperature in 40.9 40.0 40.0 39.7 40.0
spinal canal (in °C)
C | ablation volume (in cm?) 34.8 28.7 34.6 35.0 29.4
D | fraction of metastasis, which 87.6 83.6 87.8 90.2 85.3
is ablated (in %)
E | fraction of total ablation, 66.1 76.4 66.7 67.9 75.9
which is in metastasis (in %)
F | therapy duration (in s) 900 534 900 900 518
G | therapy duration per config- | 150,150,150,| 90,90,90, 212,90,88, 150,150,150, 86,88,86,
uration (in s) 150,150,150 | 88,88,88 212,88,210 150,150,150 86,84,88
H | evaluation value 0.790 0.807 0.794 0.813 0.815

IThe therapy simulation for each applicator position does not respect the protection of risk structures as it is the standard
generator configuration for the respective position. However, the determination of the best simulation result by means of the
evaluation formula (1) only considers simulations that do not yield too high temperatures in risk structures.
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Abstract

Virtual training of bone milling requires real-time and realistic haptics of the interaction between the "virtual
mill” and a "virtual bone”. We propose an exponential abrasion model between a virtual bone and the mill bit
and combine it with a coarse representation of the virtual bone and the mill shaft for collision detection using
the Bullet Physics Engine. We compare our exponential abrasion model to a widely used linear abrasion model
and evaluate it quantitatively and qualitatively. The evaluation results show, that we can provide virtual milling
in real-time, with an abrasion behavior similar to that proposed in the literature and with a realistic feeling of
five different surgeons.

Keywords: virtual milling, virtual reality, physics, surgerical training, OR simulation, haptics

1 Problem

The surgical access to the middle ear through the petrosal bone (e.g. for CI insertion) requires considerable
theoretical and practical skills of the surgeons. During their education, surgeons should be exposed to real
patients to train the required skills, but the safety and the patient’s well-being should nevertheless be ensured
at all times. As an alternative method for education surgeons can use virtual surgery simulators.

The HaptiVisT project aims at immerse haptical and visual virtual surgery training for manipulating bones
in the sense of virtual hand surgery [18] and petrosal bone milling [6]. With this system, surgeons can potentially
train virtual petrosal bone milling as often as they need and with an increasing level of difficulty. For realistic
virtual petrosal bone milling both visualization and haptics need to be real-time and realistic. Dreher et al. [9]
compared different approaches for data visualization in the milling system. The framerate of the visualization
has to be above 30 FPS and the haptic thread must run at least at 1000 Hz to be real-time. An interaction with
the virtual bone (abrasion, collision, slip,...) that behaves like real bone milling, with respect to the correct
amount of abrasion and a correct milling behavior for experienced surgeons, to be considered.

State of the Art. Agus et al. [11] have developed a model of bone erosion analytically. The erosion is a
function of the applied force and the velocity. Petersik et al. [13] have used the Voxmap-Pointshell algorithm
to calculate an appropriate force at each sampled point. Others use linear models for modeling the abrasion
[14, 15]. The realism of virtual milling has been evaluated by Wong et al. [16], who focus on the differences
between virtual milling and milling on an animal petrosal bone. Bryan et al. [12] give an overview over the
necessary aspects of a surgical training simulator. We compare the amount of abrasion with Federspil et al.
which have evaluated the best abrasion in the case of skullbase surgery [17].

2 Material and Methods

The HaptiVisT system for pertrosal bone milling has been designed for a sensorial learning experience (Figure 1,
left). Haptic feedback (forces and torques) is delivered by the Virtuose 6D Desktop haptic device from Haption
[1] (Figure 1, right). At its tip, we extended it with an aluminum bone mill model (Figure 2, left) for a realistic
grasp on the instrument. Visual feedback is provided by an auto-stereoscopic 3D monitor from SeeFront [19],
that has been mounted on top of a mirror. The mirror serves, to better mimic, the intraoperative use of an
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OR microscope for real petrosal bone milling. Like the OR microscope the mirror occludes the hand of the
practicing surgeon during the intervention and it prevents the eyes of the surgeon to converge to a specific point.
The mirror also gives the possibility to extend the system to other scenarios. A touch screen (LG Electronics)
provides the possibility to the practicing surgeon to change the position of the virtual petrosal bone, the viewing
angle, and the type and size of the virtual bone mill. The complete system runs on a mobile workstation with
an Intel i7 processor, 16GB RAM and a NVIDIA Quadro graphics card.

Figure 1: Over- and detail view of the demonstrator, see text for details

Because of performance reasons the visualization and the haptic simulation are running in separate threads
[9]. Minimal requirement for the visualization is a frame rate of 30 FPS and for the haptic rendering is a haptic
rate of 1000 Hz [4]. OpenGL and QT are used for visualization and the graphical user interface, respectively.
chai3D [2], an open source C++ interface for haptics is used to communicate with the haptics device.

The virtual petrosal bone is based on computed tomography (CT) data and rendered as an iso-surface model
via chai3d [5]. The DICOM files of the CT are loaded via gdem [8] and the spacing is equal to 0.3 mm for the
used test data. The virtual mill consists of two parts: the virtual mill bit and the virtual mill shaft (see Fig.2,
right). With chai3D, we detect collisions between the virtual mill bit and the high resolution virtual petrosal
bone and apply precomputed forces to the virtual mill bit. With the Bullet Physics Engine [3], collisions between
the virtual mill shaft and a coarse model of the virtual petrosal bone are detected. The subdivision in virtual
mill bit and shaft is necessary, because (1) in the Bullet Engine, the interaction of the mill bit with the virtual
petrosal bone is computationally too intensive and (2) because chai3d does only allow spherical haptic points,
like the mill bit, and does not allow for freeform models, like the mill shaft.

Figure 2: Physical and virtual model of the mill.

2.1 Mill bit: Abrasion simulation

We implemented two selectable types of bits. ”blades” and ”diamond”, with seven eligible sizes each: 1.4 mm,
1.8 mm, 2.1 mm, 2.7 mm, 3.1 mm, 3.5 mm and 4 mm. The virtual abrasion is a function of the drillspeed and
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combined with the force at the haptic point:

if Speed =0

0
Abrasion = 1
{exp (S%Ed) . 1’%’“7 - Force else (1)

The force at the haptic point in Newton is computed via chai3d. It depends on the angle between the virtual
mill and the surface normal of the petrosal bone at the contact point, the impact velocity, and the stiffness and
friction of the virtual bone. Speed is the rotational speed of the mill bit in rpm (revolutions per minute). The
modifiable parameter k, = 2875 controls the influence of the Speed parameter, k;, equals 2 for the blades bit
and 0.0002 for the diamond bit and biases the abrasion at low driving speed. We set the modifiable parameters
heuristically with the feedback of an experienced surgeon (surgeon 1). The value of the abrasion is multiplied
by a value between 0 and 1 for the sharpness and then subtracted from the alpha channel a of all interacting
voxels (changing with the mill diameter). If a < 0 the regarding voxel will be deleted from the virtual petrosal
bone and with that it has been virtually milled away.

Abrasion function
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Figure 3: Exponential abrasion model with Force = 0...5 N, Speed = 0...40000 rpm, k, = 2875 and k, = 2.

2.2 Mill shaft: Collision detection

To ensure that the mill shaft does not clip into the petrosal bone during the milling process, a collision detection
between shaft and bone is implemented using the Bullet Physics Engine. In the background of the visible petrosal
bone the physics model is generated. This 3D model is a low resolution Bullet rigid body mesh [10] with an
opacity level of zero, due to this it is a transparent colliding model at the same position as the visualized petrosal
bone. If the mill shaft touches the Bullet model, a force and a torque are computed. The torque and force
depend on the position of the mill, direction of the virtual mill, surface normal of the virtual petrosal bone,
distance of the point of contact to the mill bit and stiffness and friction of the bone.

2.3 Evaluation of the virtual milling model

We evaluated our virtual milling model qualitatively regarding its real-time capability and the amount of
abrasion and qualitatively regarding the realism of the haptics.

Quantitative evaluation. For an evaluation of the real-time capability of the model, we logged whether
the haptic rate dropped below 1000 Hz. For an evaluation of the amount of abrasion, we observed the typical
milling behavior of five surgeons. We determined typical Force and Speed values and compared the resulting
abrasion to the work of Federspil et al. [17]. They stated an optimal abrasion for milling in the mastoid with
a blades mill of 1 mm/s.
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Qualitative evaluation. We did a small initial user study with five ENT surgeons (four experienced surgeons
and one assistant doctor) which milled with the system for about half an hour each. They did tested the model
with the focus on the haptics and visualization while milling into the petrosal bone. We presented the linear
abrasion model of the literature to surgeon 1 to get a reference statement and asked for feedback about the
exponential model until it met its requirements. After that we presented the exponential model to four additional
surgeons and asked them to critically think aloud while they milled with the system. If they did not tell us
something about their experience regarding one of the following stated features of the virtual milling model, we
asked them explicitly.

e Abrasion: The amount of the abrasion.

e Force: The difference in haptic feedback for different forces applied to the mill bit.

e Speed: The difference in haptic feedback for different speeds of the mill bit.

e Bit type: The difference in haptic feedback for different types (blades, diamond) of the mill bit.
e Diameter: The difference in haptic feedback for different diameters of the mill bit.

e Fall: The haptic feedback, when the mill bit falls in a bone hole.

e Slip: The haptic feedback, when the mill bit slips of the bone.

e Caught: The haptic feedback, when the mill bit is caught behind a bone edge.

We organized the surgeons answers in categories ranging from - - (very negative) over - (negative), o (neutral),
and + (positive) to + + (very positive). During both parts of the evaluation we locked the visual frame rate at
60 FPS. The subjects were able to adjust the drillspeed between 0 and 40000 rpm and the milling force ranges
from 0 to 10 N.

3 Results

Quantitative evaluation. Figure 4 shows an example of the measured drillspeed, force, the abrasion of a
linear model and of our exponential over the frames. Without bone contact the haptic rate is at about 30 kHz,
with bone contact it never drops below 10 kHz.

Federspil et al. conclude that the optimal abrasion in the mastoid is 1 mm/s. We figured out that the mean
force is by 2.5 N and the mostly used drillspeed is 40000 rpm. With this experience the abrasion in figure 3 is
about 0.055. At a locked framerate of 60 FPS the decrementation of the alpha channel is 3.3 per second, so 3.3
voxels with an alpha channel of 1 are deleted per second. The spacing leads us to an abrasion of approximately
1 mm/s.

Qualitative evaluation Organized answers of the five surgeons are depicted in Table 1.

Table 1: Evaluation results. - - very bad, - bad, o neutral, + positive, + + very positive
Model ‘ Surgeon ‘ Abrasion ‘ Force ‘ Speed ‘ Bit type ‘ Diameter ‘ Fall ‘ Slip ‘ Caught
Linear Surgeon 1 -1 o -- -2 -- . - +

Surgeon 1 + +3 + ¥ T+ T 10 1 T T
Surgeon 2 | + + + | ++ + ++ + |+ + +
Exponential | Surgeon 3 + + + + + + + 4+ o+ 4 46
Surgeon 4 +7 0 + + + + o | ++ | +4+
Surgeon 5 | ++ | ++ | +° + + +4+ |+ |+ |+

! the abrasion is much too low 2 the diamond mill does more abrasion than the blades and that is wrong 3
the abrasion is correct 4 the feeling of falling into a bone hole is good ° the difference between a small and a
big diameter is very good © it is perfect. The feeling of being caught behind an edge is great 7 a bit too low &
in the one direction it is good but in the other bad ° good difference between the drillspeeds
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Figure 4: From top to bottom: Measured drillspeed in rpm over frames, Measured force in N over frames,
Abrasion calculated with a linear model over frames and Abrasion calculated with our exponential model over
frames.

4 Discussion

With a minimal haptic rate of 1000 Hz, our abrasion model met the requirement of real-time haptics. Also the
abrasion at an experimentally determined mean force = 2.5 N and with speed = 40000 rpm (the preferred
one of the surgeons) met the abrasion stated by Federspil et al. [17]. The comparison of linear and exponential
model (Figure 4) shows that through the exponential weighting, the influence of the drillspeed on the abrasion
is larger with our model than with the linear one. The five different surgeons stated that the abrasion model
is close to reality, but not completely realistic. The most prominent features regard the collision detection: the
haptics of falling into a bone hole or slipping over the surface of the bone needs further improvement. Also,
the difference between the two types of the bit requires further work. While the interaction with bone of both
types is not so different, the interaction with soft tissue is different for both types of mill bits. The blades mill
damages soft tissue much faster and more severely than the diamond mill. In a further step we will integrate
haptic interaction of soft tissue and mill bit in the system.

5 Conclusion

We describe a model for virtual milling of the petrosal bone that is both real-time and realistic. A quantitative
evaluation of the amount of abrasion shows, that it is comparable to abrasion values given by the literature.
Modifiable parameters of our abrasion models have been determined heuristically to fit virtual milling of the
petrosal bone. Nevertheless, our model can be adapted quite easily to other types of tissue and mill bits. Our
next step will be to include a haptic interaction between mill bit and soft tissue in the petrosal bone. With that
we will model the risk structures, like facial nerve, dura and sigmoid sinus and than the practicing surgeon can
experience haptically and visually the risk of damaging them.
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Abstract

Aufgrund der hohen Komplexitdt des chirurgischen Operationssaals und der zunehmenden Informationsflut im klinischen
Alltag ist eine selektive, situativ angepasste Darstellung medizinischer Inhalte im hohen Mafie wiinschenswert. Das
,, Universal Surgical Display “ wird in der Bestrebung entwickelt, dem Chirurgen wdhrend einer Operation nur die Infor-
mationen zu visualisieren, die fiir den aktuellen operativen Teilschritt erforderlich sind, bzw. die eine Auswirkung auf den
unmittelbaren Arbeitsablauf besitzen.

Keywords: Workflow, Display, Autonomie, OP Integration

1  Problemstellung

Der klinische Alltag ist u.a. gekennzeichnet durch eine fortwahrende Informationsflut, die sich vor allem im chirurgischen
OP negativ bemerkbar macht. Hier muss der Chirurg, wiahrend er eine komplexe Operation durchfiihrt, zeitgleich eine
Vielzahl von Problemen bearbeiten (Weiteres Vorgehen bei der Operation, Kontrolle der Systemparameter, OP Planung,
Koordination von Anrufen, Terminplanung, etc.). Durch diese Mehrfachbelastung sind der Erfolg der Operation und der
Patient gefahrdet. Ein Instrument, welches selektiv und an die aktuelle OP Situation verfiigbare Informationen filtert und
in aufbereiteter Form dem Chirurgen présentiert, wére in hohem Maf3e wiinschenswert.

2  Material und Methoden

Im Rahmen der DFG Forschergruppe Plafokon entwickeln wir derzeit ein universelles chirurgisches Display, welches
an das Workflow-Modul des Experimental OP angebunden iiber den aktuellen OP Ablauf informiert ist und situativ an-
gepasst verfiigbare, aber auch erforderliche Informationen visualisiert. Das Display ist an das OP Modul (Laparoskopie)
angebunden, kann aber auch Bildgebungen, Daten des KIS, Workflow-Daten und context-unabhingige Informationen
(z. B. Telefonie) darstellen.

3  Ergebnisse

Das Universal Surgical Display ist aktuell noch in Entwicklung. Erste Funktionsmuster werden derzeit evaluiert, um die
Selektion der verfiigbaren Informationen anzupassen und die grafische Darstellung zu optimieren. Die Funktionalitit
umfasst neben dem OP Feld die Darstellung von System- und Workflowparametern, weitere Module sind in Vorbereitung.

4  Diskussion

Die Arbeitsumgebung, nicht nur im medizinischen Umfeld, ist iiberaus belastend und gekennzeichnet durch eine kontinu-
ierliche Uberladung mit ungefilterten Informationen. Um den Chirurgen wieder die Ruhe zu geben, die er fiir die Durch-
filhrung eines operativen Eigriffes bendtigt, zeitgleich aber diese Informationen bereit zu stellen, die fiir die Ausfiihrung
seiner medizinischen Tétigkeit erforderlich sind, verlangt die Einbindung des operativen Workflows und eine intelligente
Selektion auf Basis derselben.

5 Zusammenfassung

Das universelle chirurgische Display ist ein erster Ansatz fiir die selektive, situativ angepasste Informationsvisualisierung
im chirurgischen OP und ein erfolgsversprechendes Instrument fiir die Erleichterung des chirurgischen Alltags.

Referenzen
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Abstract

Position estimation within the large intestine during colonoscopies still depends significantly on the physician’s
capabilities and experience. To provide assistive information, a location prediction framework, relying on
informative frame filtering and a deep learning approach, was developed. Also, for live utilization during clinical
procedures, a setup comprising an embedded platform for real-time artificial intelligence applications as well as
temporal smoothing and visual prediction feedback was implemented. The project indicates that image pre-
processing and previous filtering of uninformative video frames is of greater importance than the architecture of
the neural net itself. While the overall accuracy of the model has yet to be improved, major differences between
the detectability of different colon sections have been noticed.

Keywords: Colonoscopy, Position Detection, Deep Learning, Large Intestine

1 Problem

Colonoscopic procedures require physicians to get familiar with uncommon perspectives from the inside of the
human body. A monoscopic camera restricts the view and most importantly impedes orientation via anatomic
landmarks. Knowing the exact position of the endoscope’s camera-head is however crucial for executing an
accurate colonoscopy and to ensure the patient’s safety [1]. Unfortunately, the inner structures of the large intestine
show great similarities across different areas and therefor position estimation is currently only based upon the
experience of the physician. A system to provide assistive location information without an additional tracking
device can only rely on the video stream. To overcome the obstacle of finding representative structures the project
uses informative frame filtering and deep learning in order to automatically detect meaningful features for
determining the current position of the tip of the endoscope within the large intestine.

2 Material und Methods

Twenty individual colonoscopies have been recorded at Klinikum rechts der Isar, Munich, and serve as a data set
for training the deep neural network. Videos were captured in 1080i with either 25 or 50 fps. Since the original
image comprises patient information as well as signals of an electromagnetic shape tracking device, the image was
cropped to the relevant area showing only the camera signal. In all videos 11 predefined anatomic landmarks were
identified by an experienced endoscopist. To ensure high quality of the annotation, each colonoscopy was
annotated two times. Extracting the frames from the videos resulted in a data set with more than 900000 images
composed of 11 different classes.

Because foreign substances (i.e. stool, cleansing agent), out of focus or motion blurred frames often occur, only a
fraction of colonoscopic images can provide information relevant to the physician [2]. Ground truth data quality
constraints get even more pivotal when machine learning techniques should be applied. To evaluate the
informativeness of images within the generated data set, the informative frame filtering approach of Armin M. A.
et al. [3] was implemented. Each frame is therefore represented in HSV color space and methods like edge
detection or the Kanade Lucas Tomasi tracker are used to extract features (Fig. 1). Finally, a random forest
classifier that was trained by a manually selected set of 300 images, divides the data into informative and non-
informative frames.
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For the position estimation of the endoscope-tip itself, different commonly used architectures of convolutional
neural networks such as VGG16 [4] have been tested for classifying individual images into 9 predefined classes
of colon sections (anus external, rectum, sigmoid colon, descending colon, left flexure, transverse colon, right
flexure, ascending colon and caecum) and one additional class for non-informative frames. Available videos were
split for reliable assessment of the model into training-, validation- and test- sets in the ration of 12:4:4. Transfer
learning and finetuning using image augmentation and various optimizer were assessed, while starting with initial
weights from ImageNet [5].

To use the framework in a clinical environment and present the final position estimation in an ergonomic way, the
neural network was deployed on a Nvidia Jetson TX2 - an embedded platform for real-time artificial intelligence
applications. Colonoscopic video signals are captured by a frame-grabber and feet into the trained deep learning
model. For increasing the reliability of the system, temporal smoothing and an output logic, that increases weights
on results which align with the anatomical sequence of colon sections, were added as a postprocessing step. Non-
informative frames were rejected for position calculation. The estimated position is then graphically displayed
next to the camera image (Fig. 2 d).

HSV Color Space Smoothing Feature Detection Classification
Hue (H) Gaussian ] Uninformative
— — M Val
i Channel Filter | can value I Frame
A
Mean Value I
Video N Saturation (S) ; Gaussian o | KLT Feature Detection o | Random Forest
Frame i Channel Filter o & Tracing 7| Classification
Reflection Mask D_» Edge ||
- Refinement A 4
N Value (V) Gaussian Edge Detection Informative
Channel Filter Mean Value : Frame
Figure 1: Informative frame filtering as a data preprocessing step
3 Results

Using informative frame filtering, the number of 920000 extracted frames was reduced and divided into two
subsets: subset A containing 195000 frames and subset B containing 103000 frames (Fig. 2 a, b, ¢).

Subset A contains images of the intestine wall and lumen while subset B mainly consists of pictures showing only
lumina. Even though subset B reduces the number of images of subset A by nearly 50%, the overall accuracy of
the VGG 16 network was increased by 21%. While sections like the caecum, anus external, rectum or ascending
colon were identified reliably, others such as the terminal ileum, left/ right flexure or transverse colon turned out
to be more challenging to classify.

a)';

d)

Figure 2: a) uninformative frame, b) informative frame included in dataset A and B,
¢) informative frame included only in dataset A, d) visual presentation of the prediction
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4 Discussion

The significant improvement in the overall prediction accuracy between the two data subsets indicates that training
data selection based on informativeness and preprocessing steps are essential in developing solid prediction models
for colonoscopies. Yet, a quantitative definition of “informative frame” in the meaning of being beneficial for
training a deep-learning based classifier remains elusive. Misclassification in certain classes may also be explained
by the lack of training data due to the frame filtering and noise in the ground truth data, as clear transition points
of colon sections are even for medical experts not uniquely identifiable. Image pre-processing and previous
filtering of uninformative video frames seems to be of greater importance than the architecture of the neural net
itself. However, results can be improved in the postprocessing by averaging predictions over multiple frames and
restricting the output to anatomically valid correlations.

5 Conclusion

The work shows that providing assistive position information using live classification during colonoscopies is
feasible even though the algorithm still has to be refined. Although data set quality shows strong influence, overall
classification accuracy varies strongly between different colon sections. With most of the captured fames being
uninformative for the location detection, deep-learning based models can only use a scarce set of images while
making online predictions during colonoscopies.
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1 Problemstellung

Das hypersektrale Imaging (HSI) ist ein innovatives Bildgebungs-Verfahren. Durch die Anwendung einer
speziellen HSI-Kamera, werden die Spektroskopie und die Bildgebung technisch kombiniert. Dieses Verfahren
soll dazu genutzt werden, um zum einen Gewebe zu charakterisieren und dessen spektrale Eigenschaften zu
erfassen und zum anderen soll es Tumore vom umliegenden gesunden Gewebe abgrenzen. Diese Technik ist
nicht nur auf vitale Gewebe und Tumore begrenzt, sondern kann auch dazu dienen, Zellen in histologischen
Préiparaten zu erkennen und zu klassifizieren. Ziel wird es sein, dass mathematische Algorithmen erstellt werden
die eine automatisierte Gewebeerkennung zulassen.

2 Material und Methoden

Mittels einer HSI-Kamera werden Spektren zwischen den Bereichen des visuellen Lichts und nahen-infrarot
Bereich an histologischen Praparaten aufgezeichnet (500-995nm). Fiir die hier gezeigte Machbarkeitsstudie
wurden ein Kollektiv von gesundem 6sophagealen Plattenepithel (n=22) und 6sophagealen Adenokarzinomen
(n=45) aufgenommen. Bei den histologischen Préparaten handelt es sich um Resektate von Gsophagealen
Adenokarzinomen, die mittels Formaldehyd fixiert, in Paraffin eingebettet, in 3um diinne Schnitte geschnitten
wurden und mittels Eosin und Hematoxilin angefarbt wurden.

3 Ergebnisse

In allen n=45 untersuchten Gewebeschnitten konnten Zellen eines 6sophagealen Adenokarzinoms detektiert und
mittels HSI-Kamera aufgezeichnet werden. In n=22 der untersuchten Préparate befanden sich auch Anschnitte
von gesundem unverhorntem Plattenepithel. Beim Vergleich des spektralen Verhaltens des Plattenepithels und
der Adenokarzinomzellen konnten Unterschiede in der Absorption im Wellenldngenbereich von 500-700nm
aufgezeigt werden. Die Intrvarianz der untersuchten Préparate hinsichtlich der Eigenschaften von Plattenepithel
und Adenokarzinomzellen war gering und wies eine geringe Streuung auf.

4 Diskussion

Areale mir unverhorntem Plattenepithel und Zellen eines 6sophagealen Adenokarzinoms weisen spezifische
spektrale Charakteristika auf. Diese Merkmale konnen dazu dienen mittels Computer-assentierter Algorithmen
eine automatische Diskriminierung auf das Vorhandensein eines Adenokarzinoms in histologischen Préparaten
zu genieren, um eine Entscheidungshilfe bei der histopathologischen Diagnose zu liefern.
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1 Einleitung

Die akute Mesenterialischdmie ist ein hdufiges Krankheitsbild in alten und kritisch kranken Patienten, welche
mit einer hohen Morbiditdt und Mortalitdt einhergeht (1). Therapieziele sind die Revaskularisation und die
Resektion der ischdmischen Darmabschnitte. Dabei ist die intraoperative Beurteilung der Perfusion in der
Notfallsituation nicht immer eindeutig,.

Hyperspektral-Imaging (HSI) ist dabei ein neues, intraoperatives Bildgebungsverfahren, welches nicht-invasiv
die Gewebeperfusion objektivieren kann. Das untersuchte Gewebe wird mit Licht im visuellen und nah-
infraroten Spektrum beleuchtet und das reflektierte Licht gemessen.

2 Ziele

Objektive Kriterien zur Beurteilung der Darmperfusion sind hilfreich, um das notwendige Resektionsausmal3 zu
bestimmen und das Outcome zu verbessen. Unser Ziel war dahingehend, HSI auf Machbarkeit zu untersuchen.

3 Methodik

Wir berichten den Fall einer 52-jdhrigen Patientin mit generalisierter Arteriosklerose im Multiorganversagen mit
hohem Katecholaminbedarf, bei der sich eine multisegmentale Darmischdmie bei chronischem Verschluss des
Truncus coeliacus zeigte. Die bereits gangrandsen Abschnitte wurden mittels Diinndarmteilresektion sowie
erweiterter Hemikolektomie links mit anteriorer Rektumresektion unter Blindverschluss der Darmenden
versorgt. In der programmierten Re-Laparotomie zeigte sich das gesamte Intestinum nekrotisch. Die Patientin
verstarb im Multiorganversagen. Mittels HSI-Kamera wurde der intraoperative Diinndarm und das
Operationspraparat untersucht und folgende Parameter erhoben: Gewebeoxygenierung, Nahinfrarot-Perfusions-
Index und Gewebe-Wasser-Index.

4 Ergebnis

Nekrotische Darmabschnitte im Vergleich zu nicht-nekrotischen Abschnitten zeigten eine typische Bande des
Absorptionsspektrum bei einer Wellenldnge von 630 nm (Abb.1). Erwartungsgemif zeigten sich die Indices fiir
Gewebeoxygenierung und Perfusion erniedrigt (Abb.2). Der Gewebe-Wasser-Index war in den
minderperfundierten Diinndarmabschnitten erhdht. Korrespondierend zeigte sich eine Absorptionsbande bei 960
nm. Auch die Werte der Gewebeoxygenierungs- und Nahinfrarot-Perfusions-Indexen sind niedriger als im
gesunden Darm.
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5 Schluffolgerung

Mittels intraoperativer Hyperspektralbildgebung ist es moglich, die Perfusion grenzwertig perfundierter
Darmabschnitte bei akuter Mesenterialischdmie zu objektivieren. Die Methode ist einfach, schnell und nicht-
invasiv. Zukiinftig konnten computer-assistierte Verfahren nekrotischer und kritischer Darm aus den
beschriebenen spektralen Merkmalen automatisch erkennen, um den Chirurg bei der Resektion zu unterstiitzen.

Abb 1.:Dickdarmresektat mit Absorptionsbande bei einer Wellenldnge von 630 nm fiir nekrotische Abschnitte
(griin: nekrotisches Gewebe,; blau: nicht-nekrotisches Gewebe)

Abb 2.: Intraoperatives Bild des minderperfundierten Diinndarmabschnittes (links RGB-Bild, rechts
Nahinfrarot-Perfusion-Index)
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1 Introduction

Due to the continuous medical development of minimal invasive treatments, the endovascular aortic aneurysm
repair (EVAR) has become an established procedure in the clinical routine. This procedure still requires the
application of X-rays and contrast agent. The Nav EVAR project is a new approach with a promising potential
for treatment of abdominal aortic aneurysms without using harmful ionizing radiation and contrast agent.

2 Material und Methods

The Nav EVAR procedure uses a real-time navigation. Based on the preoperative CT-scan a 3-dimensional
endoluminal view of the patient vascular system during the treatment is enabled (Fig. 1). The navigation of the
catheter through the patient body can be realised with a Bragg fibre which is implemented into the stent system.
The change of the reflection spectrum through the fibre is used to determine the exact position and orientation of
catheters and stentgrafts inside the aorta. Furthermore, optical coherence tomography can provide a continuous
local feedback to verify the position of the catheter inside the vessel. During the video demonstration the catheter
position is displayed with a mixed reality headset as a 3-dimensional projection inside a virtual angioscopy of
the vascular system. Additionally, desired information like the preoperative CT-scan or the OCT data can be
visualized on a virtual screen.

3 Results

The presented navigation system of the Nav EVAR project enables the virtual 3-dimensional real-time
navigation for endovascular treatments. First 3-dimensional navigation inside a vascular phantom and
visualization with a mixed reality headset has been realised.

4 Conclusion

Nav EVAR is a disruptive method for treatment of abdominal aneurysms. Due to the possibilities for
visualization and navigation it may reduce the usage of harmful radiation and contrast agent. Further
experimental studies on a phantom with patient specific 3D-printed abdominal aneurysm are planned to verify
the accuracy of the navigation system.
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Fig. 1. View of the Surgeon via HoloLens (Microsoft inc.); B Augmented Reality of preoperative CT-
Angiography on experimental Model; C Virtual Angioscopy, with courtesy Fraunhofer MeVis, Liibeck Nils
Papenberg
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1 Einleitung

23 Jahre nach der Erstbeschreibung des kontinuierlichen Neuromonitorings cIONM bei Schilddriisenoperationen
wird dieses nun zunehmend eingesetzt und Signalverluste von 50% von vielen als Kriterium fiir den Abbruch
der OP gesehen. Postoperative Recurrensfunktionsstérungen sind noch immer gefiirchtete und oft vollig
unerwartete Komplikationen in der Schilddriisenchirurgie. Feinste mechanische Traumata fithren manchmal zu
prolongierten Recurrensparesen, wéihrend in anderen Fillen starke mechanische Belastungen ohne Konsequenz
bleiben.

Ziel dieser Arbeit war es, die Reaktionsmuster des cIONM auf mechanische Zugkréfte zu korrelieren mit
individuellen morphologischen Eigenheiten des N. laryngeus recurrens ,,RLN®.

2 Material und Methoden

An 20 Schweinen der Deutschen Landrasse wurden die Nervenleitfahigkeiten des NLR beidseits (n=40) durch
kontinuierliches Neuromonitoring mit der Saxophonelektrode mittels Schwellstromkurven unter Zugbelastung
analysiert. 30 NLR der Gruppe I wurden einer Zugbelastung von 1,2 N ausgesetzt bis nur noch 15 % des
Ausgangssignals mittels Schwellstromkurve messbar waren. 10 NLR der Gruppe II wurden zeitkonstant iiber 10
und 20 min belastet. MessgroBBe war der prozentuale Abfall des Signals. Daraufhin folgte die Erholungsphase
unter volliger Entlastung des Nervs, bis sich das Ausgangssignal wieder einstellte. Darauf erfolgte bei 11 Tieren
die chirurgische Nervenentnahme und nach Aufbereitung folgt die Untersuchung unter dem konfokalen
Lasermikroskop.

3 Ergebnisse

Die Ausgangssignale (0,08 — 1,50 mV) sind intra- und interindividuell sehr variabel. Die Dauer bis zum Eintritt
eines Signalverlusts von 85 % reichen von 0,3 bis 171 min, Median 36 min. (1i 0,3-171 min, re 0,3-168 min). Es
fallt auf, dass immer eine Seite eines Tieres besonders schnell mit einem Signalverlust reagiert (0,3-98,9 min),
wohingegen die andere Seite 26,8-171 min bendtigt, um auf 15 % des Ausgangssignals abzufallen. Der
empfindlichere Nerv stellt damit seine Funktion 1,4-146,4 mal (Median 4,3 mal) schneller ein, als der
gegenseitige (p<0,003). Dieser liberempfindliche Nerv wurde als ,,Weepy Nerve“ bezeichnet. Nach 20 min und
konstantem Zug in der Gruppe II fanden sich Signalabfille von 27-96% (Median 38%) beim empfindlicheren,
Weepy Nerve, und 0-27% (Median 7%) Signalabfall auf der Gegenseite. Die empfindlichere Seite zeigte einen
Signalabfall, welcher die Gegenseite im Median um 31% (26-68%) {ibersteigt (p=0,008). Morphologisch konnte
keine Korrelation mit dem Nervendurchmesser oder der Faszikelanzahl gefunden werden. Die gesamte Flache
der Faszikel innerhalb des Nerven war jedoch hoch signifikant korreliert mit dem Weepy Nerve. Das heif3t, der
"Weepy Nerve" hatte eine kleinere Faszikelfliche als die Gegenseite (p-value: 0.014; Weepy Nerve —
0.0887mm2, Gegenseite — 0.1150mm?2). Keine Seite war signifikant bevorzugt (p = 0.19).

4 Schlussfolgerung

Eines der wichtigsten Kriterien fiir das Reaktionsmuster des cIONM auf Zugkrifte stellt eine intrinsische, nicht
symmetrische Eigenschaft des Nerven dar. Als "Weepy Nerve" wurde die mechanisch iiberempfindliche Seite
bezeichnet, um den 1,4-146 mal empfindlicheren RLN zu beschreiben. Eine einfache Handlungsanweisung an
den Chirurgen bei einem pauschalen Signalverlust im EMG scheint nur unter Kenntnis des ,,Weepy Nerve*
moglich.
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Abstract

Recent advancements in digitalization and information technology influence healthcare and the goal of its
optimization. Within surgery, the interdisciplinary field of surgical data science emerges and grows. Hereby
machine learning in particular deep learning plays a key role in data-driven development. The Horizon 2020
funded project “Bonseyes” aims on the creation of an open platform, which significantly facilitates and improves
the development process of such applications. In this work, we present our utilization of the Bonseyes platform
demonstrated for the task of surgical tool detection.

Keywords: Surgical Data Science, Open Platform, Deep Learning

1 Problem

Driven by the goal of optimization of the “magic” triangle of the contradicting aims of quality of outcome,
expenses and therapeutic trauma [1] for surgical health care, advancements in digitalization and information
technology is having an increasing impact on interventional medicine. Due to the strive towards evidence based
medicine, interdisciplinary data science becomes an emerging field, whose manifestation in surgery is called
“Surgical Data Science”. Surgical data science will pave the way from artisanal to data-driven interventional
healthcare, with concomitant improvements in quality and efficiency of care [2]. Since “artificial intelligence”
(AI) and especially its emerging branch of deep learning, plays a key role in the data-driven development, the
demand for tool-chains and infrastructure that facilitate the development of such Al-systems. The Bonseyes
collaborative project, funded by the European Commission, aims to create a platform for open development of
systems of Al, consisting of a Data Marketplace, a Deep Learning Toolbox, and Developer Reference Platforms
for organizations wanting to adopt Al. To evaluate the effectiveness, technical feasibility, and to quantify the real-
world improvements, complementary demonstrators from different industries are currently built [3]. We present
our work on the health care demonstrator.

2 Material and Methods

2.1 Healthcare Demonstrator

Many applications of computer assisted surgery depend on the analysis of the surgical workflow. This challenge
is often tried to be solved by analyzing the laparoscopic video, in particular by the detection and tracking of surgical
tools. As a sub-task within the Bonseyes Healthcare Demonstrator, we are focusing on object detection by
leveraging the Bonseyes platform in order to facilitate the development process.

2.2 Bonseyes Development Platform

The concept of the Bonseyes platform is depicted in Figure 1. The Marketplace will facilitate the exchange of
artefacts of Al systems: data, expert knowledge in the form of annotations, models, benchmarks and applications
that are optimized for embedded edge computing. While the different components of the platform are under
continuous development, we focused in this work particularly on the end-to-end development of a deep learning
application based on a containerized development pipeline. Starting from the data set (laparoscopic images with
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bounding box annotations of surgical instruments), the consecutive application of different process steps (i.e. pre-
processing, model training, model benchmarking and deployment) results in a model that is optimized for the
mobile embedded application.

Figure 1: Concept of the Bonseyes platform with its central marketplace.

3 Results

Based on the collaborative work and support of consortium partners (in particular for this use case experts of
nviso!, UCLM?, HES-SO?, ICCS*, FHNW?), an easy to use development pipeline was created, which allows the
successfully training and deployment of the model Single Shot Multibox Detector (SSD) [4] with MobileNets.
On our custom data set, the benchmarking resulted in a mean average precision (mAP) 86.4% across 11 classes.
Figure 2 shows an exemplary image of the detection result.

Figure 2: Shown is an image of a lap. Cholecystectomy performed in the ELITE-Phantom [5] after
being processed by the SSD network. The network proposes bounding boxes around detected
objects.
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Due to the Bonseyes Deep Learning Toolbox, the trained model can be easily transformed to platform-specific
code and deployed on an embedded system. We utilized the automated code generation for a deployment on the
NVIDIA Jetson TX2.

4 Discussion

While the presented application case of device detection can be considered as a standard object detection task, the
novelty lies in the utilized toolchain. The Bonseyes toolchain enables a significantly acceleration of the end-to-
end development of Al applications through its containerized design concept. Hereby it facilitates reutilization and
sharing of data and models, while eliminating the common problem of dependency issues. Especially in an
interdisciplinary field like SDS, this has great advantages in the adaptation of state-of-the-art machine learning
techniques in terms of development time and cost of ownership. The empiric measurements of those Key
Performance Indicators (KPIs) is foreseen as future work.

5 Conclusion

In this work, we presented an end-to-end development process of a machine learning application for surgical
instrument detection, utilizing the Bonseyes platform. Its containerized modularity and ease of use allow fast
development even for non-experts in the field of machine learning and hence is well suited for interdisciplinary
research as the field of surgical data science. Since the deployment on embedded hardware is facilitated, the
application in real world scenarios is enabled. The Bonseyes project and its different components are still under
development and further applications in the field of SDS (e.g. end-to-end surgical workflow phase recognition)
will follow.
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Abstract

As much as mobile phone in the hospital increase communication and the exchange of crucial information about
patients and their treatment, they are also a major source of interruption during surgical procedure and may
negatively impact medical outcomes. This work presents the results of a user study for a prototypical telephone
call management system. In conclusion the system may vastly minimize the number of non-critical calls.

Keywords: Cognitive OR, Telephone Call Management, Reduction of Surgical Workflow Interruption

1 Problem

Mobile phones increase the reachability of a surgeon and help to improve patient’s care by stimulating
communication [1]. Conversely, constant interruptions of the workflow in the surgical procedure due to incoming
calls have an influence on the surgeon's concentration and may therefore negatively impact patient safety and
treatment outcome [2,3]. Incoming telephone calls account for as much as every fourth disturbing intraoperative
event [4]. To alleviate the effects of interrupting phone calls during surgery, we devised a system that is capable
of automatically answering incoming phone calls with respect to the current situation in the OR (see Figure 1 —
Left). By stimulating the caller to scrutinize the importance of their calls, the amount of phone calls that actually
reaches the surgeon is supposed to be minimized.

Cognitive OR

1 1
i & R > o1
Y & |
Ry ;
L 1.» I
I )'\ ll
Situation ] 1 .
Caller & Analysis ! '- 1 1)  Significance of the request [ Minor ] [ Major ] [ Vital ]
- 3 | v ‘ :
- Incoming ca : ]
\ f Il) Actual surgical situation [ Normal ][ Irregular ] | Critical
! .-. '
e L] H ) )
Call blocked Call forwarded | Surgical Intervention ! 1) Time line [ 15 ] [ 30 ] [ 60 ]

_____________________

Figure 1: Left: Schematic drawing of the proposed system. Right: Scenario parameter variations

2 Material and Methods

To evaluate the effectiveness of the system and get further insides into the different factors that may help limit the
amount of phone calls, we performed a user questionnaire study. In the questionnaire, participants were placed in
the role of a caller, whose call was answered by the phone call management system. Therefore, participants were
played different automatic voice recordings of the phone management system for different situations during
surgery and for the case of different call types with respect to importance. In total, 46 volunteers from different
functional areas of the University Hospital rechts der Isar were presented with three call type scenarios of different
degrees of urgency in combination with different OR situations and time lines (see Figure 1 - Right). Class III
scenarios were of minor importance, class II were of major importance and class I scenarios of vital importance
for patient care.
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For each call type scenario they were informed about the approximate remaining operating time (60, 30 or 15
minutes) and depending on the current situation in the OR (normal, irregular, critical), they were asked with
increasing severity if their call was really necessary and crucial for the care of the patient, resulting in a total of 27
different overall scenarios (Figure 1 — Right). Subsequently, participants were asked to decide whether they still
felt the need that their call should be forwarded to the operating surgeon.

3 Results

For class III calls (minor inquiries) only about 1% (4 out of 414 calls) of all participants confirmed to forward the
call, for class II calls (major inquiries), about 7% (29 out of 414 calls) of all calls were routed to the surgeon and
class I (vital inquiries) 78% (324 out of 414 calls) of all test persons opted for a forwarding to the surgeon. With
a remaining operating time of 15 minutes, only 37% (57 out of 90 blocked calls) of the participants decided to be
forwarded in case of a vital inquiry and after being informed by the system. Furthermore, results did not show a
statistically significant correlation between increasing message severity for different OR situations (normal,
irregular, critical) and the percentage of calls being forwarded. No significant difference with regard to the gender
of the caller was observed.

4 Discussion

The results of the questionnaire indicate a statistically significant correlation between the importance of the call
and the number of calls being forwarded. Whereas on average only every hundredth call for inquiries of minor and
less than every fourteenth call for major importance was confirmed to be forwarded, more than two thirds of all
vital calls were forwarded. Assuming that the majority of calls falls into classes II and III and are therefore no
emergency calls, we can conclude that the vast majority of potentially unnecessary calls can be prevented from
disturbing the surgery by means of the proposed system. Important emergency calls of class I in turn are less
effected by the system or may even be postponed if the end of the surgery is near. Lastly, the different messages
for different OR situations had no clear influence on the percentage of forwarded calls. This finding may be due
to the messages themselves that might not have completely conveyed the level of severity of the OR situation.

5 Conclusion

In this paper we presented a concept of a telephone call management system as part of the cognitive OR with the
aim of reducing intraoperative stress due to incoming phone calls without blocking important calls. Our survey
showed that by merely stating that the surgeon is currently performing surgery, a vast majority of non-critical calls
(class II and class I1I) were not forwarded and did, as desired, not disturb the surgery. Future work will be devoted
into integrating more information into the automatic replies and evaluate their effect on the percentage of calls
being forwarded to the OR. Furthermore, we may attempt to increase the number of participants and make a clearer
distinction between different interest groups (leading surgeons, assistant surgeons, OR staff).
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Elektrostimulation im GI-Trakt; Aktueller Stand und Ausblick

Peter Wilhelm, Universitétsklinik fiir Allgemeine, Viszeral- und Transplantationschirurgie, Tiibingen

Die elektrische Modulation von Sakralnerven ist seit Ihrer Erstbeschreibung durch Matzel et al. 1995 heute
fester Bestandteil des Armamentariums in der Therapie von Kontinenzstérungen und - mit Einschrankungen -
von therapierefraktirer Obstipation [1, 2]. Die Modulation erfolgt mittels Implantation von ,tined leads“ in die
Sakralforamina 2 - 4 und direkter Stimulation der angrenzenden Nervenstrukturen. Es handelt sich somit um
eine rein efferente Technik, Afferenzen sind nicht ableitbar. Der Wirkungsmechanismus im Viszerum ist in
klinischen und experimentellen Studien kontrovers diskutiert, bis heute aber nicht hinreichend verstanden.
Die Beeinflussung des oberen GI-Traktes ist iiber das System nicht méglich [3]. Die Datenlage hinsichtlich des
Einflusses der Technik auf die Kolonmotilitat ist widerspriichlich und bedarf weiterfithrender Studien [4]. Ein
Effekt auf die Motorneurone, Wandspannung oder Compliance des Rektums ist ebenfalls nicht nachgewiesen
[5]. Teilaspekte des Wirkmechanismus kénnten dagegen in der Sensitivititserhohung fiir die Rektumdehnung
und der arteriellen Blutflusserhohung unter Stimulation im Endorgan liegen, jedoch erlaubt die derzeitige Stu-
dienlage auch hier keine validen Aussagen [4, 6, 7].

Trotz der sehr hohen Heterogenitit der veroffentlichten Studien ist der Nachweis eines Effektes auf die Sphink-
terfunktion am besten untersucht. Die positiven Effekte auf den willkiirlichen maximalen Kneif- und den Ru-
hedruck bleiben in ihrem Mechanismus aber aufgrund der Studiendesigns weiterhin ungeklért [4]. Nur wenige
Studien haben bislang die zentralnervosen Effekte der Therapie adressiert. Mit ihrem Nachweis einer Perfusi-
onszunahme des zur Implantationsseite kontralateralen frontalen Cortex unterstrichen Lundby et al. den mul-
tifaktoriellen Wirkmechanismus der Therapie [8]. Hirabayashi et al. wiesen in ihrer tierexperimentellen Arbeit
tiber die selektive Stimulation der Sakralnerven Propulsionswellen vom proximalen Kolon bis zum Anus nach
und zogen den Schluss, dass die grundsitzliche Machbarkeit fiir ein ,,colonic pacing® gegeben ist, sofern die
Stimulation auf Hohe der Sakralnerven erfolgt [9]. Eine Modulation mittels viszeraler Elektrodenplatzierung
untersuchten Sobocki et al. im porcinen Tiermodell [10]. Uber eine laparoskopisch implantierte dreiarmige
Stimulationssonde mit insgesamt 9 Elektroden erfolgte die Stimulation des Plexus hypogastricus. Dabei konnte
eine 1:1 Stimulations:Defakations und eine 1:3 Stimulations:Miktions Uberleitung erzielt werden.

Die hohe Wirksamkeit und die unmittelbare Stimulationslokalitit am Plexus hypogastricus machen diesen
Ansatz besonders interessant. Riickschliisse auf den zugrundeliegenden Mechanismus oder die Messung von
gastrointestinalen Afferenzen lassen sich jedoch nicht gewinnen.

Multielektroden-Arrays (MEA) konnen mittels 3-dimensionaler Elektrodenanordnung sowohl Efferenzen
als auch Afferenzen in der Flache vermitteln. Ihr Einsatzgebiet ist insbesondere in der neurophysiologischen
Forschung etabliert [11], viszerale Applikationen sind jedoch bislang auf experimentelle ex-vivo Ansétze be-
schriankt [12]. Im Rahmen eines BMBF-geforderten experimentellen Forschungsprojektes wird in einem génz-
lich neuen Ansatz ab Herbst 2018 die MEA-vermittelte Neurostimulation viszeraler Nervenplexus und die
Ableitung gastrointestinaler Afferenzen an der Universitdtsklinik fiir Allgemeine, Viszeral- und Transplantati-
onschirurgie in Tiibingen untersucht.

Bibliografie

1. Matzel, K.E., et al., Electrical stimulation of sacral spinal nerves for treatment of faecal incontinence. Lancet, 1995.
346(8983): p. 1124-7.

2. Holzer, B., et al., Sacral nerve stimulation in patients with severe constipation. Dis Colon Rectum, 2008. 51(5): p. 524-
29; discussion 529-30.

3. Worsoe, J., et al., Turning off sacral nerve stimulation does not affect gastric and small intestinal motility in patients
treated for faecal incontinence. Colorectal Dis, 2012. 14(10): p. €713-20.

4. Carrington, E.V.,, et al., A systematic review of sacral nerve stimulation mechanisms in the treatment of fecal inconti-
nence and constipation. Neurogastroenterol Motil, 2014. 26(9): p. 1222-37.

5. Michelsen, H.B., et al., Rectal motility after sacral nerve stimulation for faecal incontinence. Neurogastroenterol Motil,
2010. 22(1): p. 36-41, e6.

6. Kenefick, N.J., et al., Effect of sacral nerve stimulation on autonomic nerve function. Br J Surg, 2003. 90(10): p. 1256-60.
7. Abdel-Halim, M.R., et al., Temporary sacral nerve stimulation alters rectal sensory function: a physiological study. Dis
Colon Rectum, 2011. 54(9): p. 1134-40.

8. Lundby, L., et al., Relief of fecal incontinence by sacral nerve stimulation linked to focal brain activation. Dis Colon
Rectum, 2011. 54(3): p. 318-23.

9. Hirabayashi, T., et al., Colorectal motility induction by sacral nerve electrostimulation in a canine model: implications
for colonic pacing. Dis Colon Rectum, 2003. 46(6): p. 809-17.

10. Sobocki, J., et al., Laparoscopically implanted system for stimulation of the hypogastric plexus induces colonic moti-
lity, defecation, and micturition: experimental study. Surg Innov, 2015. 22(1): p. 70-6.

11. Eickenscheidt, M., et al., Electrical stimulation of retinal neurons in epiretinal and subretinal configuration using a
multicapacitor array. J Neurophysiol, 2012. 107(10): p. 2742-55.

12. Lutton, E.J., et al., Identification of uterine pacemaker regions at the myometrial-placental interface in the rat. J Phy-
siol, 2018. 596(14): p. 2841-2852.




CURAC 2018

What is new in non invasive Surgery with Focused Ultrasound?

Andreas Melzer '..

'ICCAS, University Leipzig, Germany
2IMSaT, University Dundee, Scotland

General Secretary EUFUS European charitable Society of Focused Ultrasound
www.EUFUS.org office@eufus.org

General Secretary iSMIT international Society for Medical Innovation and Technology

www.iSMIT.org office@ismit.org

Contact: andreas.melzer@iccas.de

Abstract

Focused ultrasound (FUS/HIFU) relies on ablation of pathological tissues, by delivering sufficiently high level of
acoustic energy in situ into  the human body. Magnetic Resonance guided FUS (MRgFUS/HIFU) and
Ultrasound guided (USgFUS/HIFU) are image guided techniques combined with therapeutic FUS for monitoring
purposes. Clinical applications FUS/HIFU gained CE and FDA approvals for the treatment of various benign and
few malignant lesions in the last two decades. Current technical limitations of ultrasound guided and MRI guided
Focused Ultrasound are related to challenges of ablating moving organs (Liver and Kidney). An outlook
to possible new applications will be provided. Among those are real-time MRI guided focused ultrasound of the
liver through a novel controlling system (Fraunhofer MEVIS funded by the European grant TransFusimo) which
allows combining for 4D MRI tracking of liver lesions with beamforming of a novel phased array transducer
(InSightec, Israel). Ultrasound guided focused ultrasound supported by robotic positioning has been realized ffor
the first time funded by the European grant FUTURA. Two ABB arms are coordinated through specially developed
software algorithms and positioning control is provided by Kinect and optical navigation. New applications using
to KUKA robot arms including wireless ultrasound devices are currently being developed at ICCAS in Leipzig.

Support of radiation therapy through FUS and HiFU is currently being developed in Leipzig and Dresden (D)
funded by a large grant from the German Ministry of science. Preliminary results of sonication of glioblastoma
cells will be presented. The work includes the development of PET MRI compatible focused ultrasound
(Fraunhofer IBMT) positioned by a PET MR compatible robot arm.
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