


3 Results 

We evaluated our LED ring approach in an environment inspired by real needle ablation procedures. During evaluation, 
users moved the probe inside a wooden box containing a hole that defines the insertion point. Thus, after insertion the 
instrument is supported at the insertion point, which prevents translations of the tool along the local X- or Y-axis. This 
setup allows relatively free movement of the tool with respect to the investigated degrees of freedom (rotation around 
the local X- and Y-axis and translation along the local Z-axis) but eases tracking significantly. Within the box, the nee-
dle is tracked by a low-cost, custom optical tracking system (cf. Figure 5) not intended for actual usage in a medical set-
ting but with sufficient accuracy (~1-2 mm) for assessing the general usability of the approach. The insertion point of the 
tracking box is not equivalent to the starting point of the virtual path inside the box. To allow navigation based on a 3D 
model or a crosshair, we implemented a simulation, which visualizes the current box/needle configuration both as a 3D 
model and a crosshair. This results in four testing conditions: C1) 3D navigation, C2) LED ring navigation, C3) cross-
hair navigation, and C4) navigation with all three guidance systems. 

 
Figure 5: Evaluation setup and environment. The needle is tracked optically using commodity devices (Nintendo 

Wiimotes). LED ring displays are controlled by an Arduino microcontroller. 

The study was conducted with four participants without medical background and no prior experience with our system. 
All participants tested the four navigation methods in different order (1-2-3-4; 3-1-2-4; 2-3-1-4; 1-3-2-4). For conditions 
1, 3, and 4, a 27-inch screen was positioned to the left of the wooden box. The approximate distance from participant to 
the screen was 90cm and the visualizations could be easily viewed. For each condition, participants were instructed by a 
short click-through tutorial explaining the basic interaction and then asked to follow five paths as quickly and accurately 
as possible with the probe, for which we logged completion times and error distances. Each participant completed a Sys-
tem Usability Scale (SUS) [13] questionnaire, which measures subjective usability. 
 

Condition C1 (3D) C2 (LED Ring) C3 (Crosshair) C4 (Combined) 

Avg. Time 43.4 s 43.8 s 30.0 s 31.8 s 

Avg. Time 
(relative to C3) 

144.47 % 145.67 % 100.00 % 105.93 % 

Avg. Accuracy 32.6 mm 33.8 mm 28.6 mm 28.9 mm 

Avg. Accuracy 
(relative to C3) 

114.01 % 118.49 % 100.00 % 101.33 % 

Table 1: Averages times and accuracies for all three conditions 
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Considering the overall process, all participants successfully navigated all paths under all interfaces conditions. On av-
erage, they performed most quickly with the crosshair (C3) and approximately 5% slower when all aids were available 
(C4). For 3D (C1) and LED ring (C2) conditions, participants performed approximately 45% slower. Participants per-
formed approx. 15% more accurately under C3 and C4 than under C1 and C2. The average times and accuracies are 
presented in Table 1. 
 
In more detail, the process can be divided in three phases: P1) needle placement (outside the box), P2) path following 
until target is reached (insertion), and P3) removing the needle until starting position is reached. Here, concerning time 
C3 and C4 performed equally well in P1 and P3. In contrast, C3 performed significantly better in P2 than C4 (approx. 
30%). Whereas C1 and C2 performed only slightly worse in P1 (10%-20%) and P3 (30%-40%), the insertion phase (P2) 
performed significantly worse (> 100%, i.e., more than double the time). Considering accuracy C3 performed best for 
P1, C4 in P2, and the LED ring display (C3) in P3. Nevertheless, in P1, C1 and C4 were only slightly less accurate (< 
3%), whereas C2 was up to 15% less accurate. In P2, C3 and C4 performed best. C1 and C2 resulted in up to two and a 
half larger deviation from the given path. The best accuracy in P3 was achieved with the LED ring display (C2). C3 and 
C4 performed up to 40% worse, whereas C1 performed up to 120% worse. 
 
Further studies of the recorded data revealed that overshooting the target (end of P2) with the LED ring display (C2) is 
less frequent than with the other conditions, and, additionally, if a target was overshot, it could be corrected more quick-
ly. Although, the crosshair outperforms the LED ring display in accuracy and speed, the SUS questionnaire revealed that 
C2, C3, and C4 were evaluated equally well on average (approximately 85 on a scale from 0 to 100). Only the 3D 
presentation (C1) was rated significantly worse (approx. 65). Two participants preferred crosshair over the LED ring 
display, whereas the other two participants preferred LED rings over crosshair. Although one might assume that having 
all displays available to choose the most appropriate would be favored, only one participant preferred this condition 
over all others. 

4 Discussion 

The goal of the small-scale study was to collect feedback on the general usability of the device before focusing on spe-
cific aspects and taking next steps towards application in a more specific medical environment. Due to the size of the 
study, the results must not be overgeneralized in terms of absolute numbers, but should rather be taken as indication that 
the approach in principle is worth further investigation in this specific area. 
 
Results show that navigation with LED rings attached to a probe is generally feasible and effective. Although the cross-
hair outperforms the LED ring display in speed and accuracy, further investigation of our approach is worthwhile. Both 
the SUS questionnaire and subsequent interviews reveal that the technology was well received and can be learned quick-
ly. Deficiencies in speed and accuracy could be due to the novelty of the approach and short training times. Although no 
participant had a surgical background, participants felt more familiar with the crosshair than with the LED ring display. 
 
We have not yet investigated the potential beneficial side effects of using our approach, e.g., a better view of the operat-
ing area, less head movement, or more concentration on the situs. Combining the LED ring approach with existing audi-
tory display methods [9] could also produce enhanced concentration and perhaps even less reliance on awkwardly 
placed computer displays for ablation guidance. 
 
While the results are promising, our early study exposed important design aspects that need to be addressed in future it-
erations. Because the current prototype does not consider device rotation along the probe axis, the addition of a gyro-
scope to the ablation probe could be useful to help account for roll and allow various hand positions. Additionally, if 
both orientation and insertion are performed sequentially, a single LED ring could be used to guide tip alignment and 
probe insertion. This would prevent one LED ring from covering the other (as in the current approach) and reduce task 
complexity. 

5 Conclusion 

We presented a novel approach for providing visual guidance for ablation probe placement. By attaching LED rings di-
rectly to the shaft of the probe, navigation information is provided close to the situs and naturally integrated in the phys-
ical space, in contrast to displaying this information on an external monitor located on a wall or stand in the operating 
room. We conducted a small-scale study inspired by the constraints of real ablation procedures with four participants to 
evaluate the viability of our approach in comparison to established visualization approaches. Our results indicate that 
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Abstract: 
 
This work focuses on the fabrication and experimental evaluation of an optical vocal fold tissue phantom for optical co-
herence tomography (OCT) and associated implementation of visualization strategies fusing OCT-based information of 
pathological structures (invasive carcinoma, cyst or polyp) with a live camera view.  The phantom is made of silicone as 
bulk material and contains artificial structures in order to reproduce the vocal fold layer-based structure and pathologi-
cal anomalies. Accomplishing this, the two additive materials titanium dioxide particles and carbon nanoparticles are 
used providing abrupt changes in optical scattering and absorption within the tissue phantom. Volumetric OCT imaging 
of the sample and image-based segmentation of the pathology is fused with stereo-based surface reconstruction facilitat-
ing augmented reality visualization directly in the surgical live 3D view. Results demonstrate the feasibility of the 
methodology and motivate extension to further scenarios. 
 
Keywords: laryngology, intraoperative imaging, lesion detection, multimodal registration 
 
 
1 Introduction 

Optical coherence tomography (OCT) facilitates high-resolution, cross-sectional tomographic imaging of in situ biolog-
ical systems and thus, a broad range of biomedical research and clinical applications due to its unique characteristics 
[1]. It is based on the measurement of backscattered light and its resolution can vary from 1 to 15 µm and a penetration 
depth of 2 to 3 mm in most tissues [1]. Originally applied to ophthalmology, nowadays OCT is also used for qualitative 
tumor diagnosis in dermatology, urology, gynecology, surgery, neurosurgery and rheumatology [1, 2]. Despite its clini-
cal application, recent research focuses on the design and fabrication of phantoms mimicking the optical, mechanical 
and structural properties of biological tissues [3]. This strategy facilitates further development of OCT systems and fu-
ture applications without the necessity of in vivo trials. 
Up to now, literature only provides a few OCT phantoms not focused on specific organs or tissues [4, 5]. Due to the 
manifold of human tissue, i.e., in its micro and macroscopic structure, optical properties significantly vary when ana-
lyzed with optical coherence tomography. Thus, phantom design aims at finding an optimal configuration of a bulk ma-
trix acting as scaffold and additives defining the desired optical characteristics of the tissue. Further relevant properties 
are dedicated to mechanical behavior or even fabricating the three-dimensional shape of the phantom [3].  Reproduction 
of the desired tissue properties, i.e., in the micro-scale, by combining selected materials and fabrication techniques is 
one of the major challenges in designing an OCT phantom. 
In this contribution, we present the design, fabrication and experimental evaluation of an OCT phantom mimicking hu-
man vocal fold tissue. Physiologically, human vocal folds are composed of a layered structure. The upper section com-
prises the thin translucent epithelium with an intact basement membrane followed by the more scattering superficial 
layer of the lamina propria with delicate vessels and the elastic vocal ligaments [6]. Much deeper, the vocal fold body is 
formed  by the thyroarytenoid muscle that commonly cannot be imaged with OCT due to limited penetration depth [6].  
This preliminary work focuses on two pathologic conditions. Both pathologies strongly require volumetric imaging to 
determine the extent of the abnormal changes in the layer-based structure of the vocal folds. The first type is the inva-
sive carcinoma which is characterized by increased backscattering due to changes in the vocal fold’s basement mem-
brane being no longer recognizable within the OCT scan (scattering anomaly). The second type is associated to  trans-
lucent cysts or polyps which are characterized by high absorption of OCT light (absorbing anomaly). Clinical studies 
have been conducted by several researchers emphasizing the high potential of applying OCT for diagnosis in laryngolo-
gy [2, 6, 7]. 
In contrast, removal of aforementioned pathologies can be performed under microscopic or endoscopic observation with 
conventional surgery or surgical lasers. To improve the outcome of such an intervention, prospective intraoperative sce-
narios can benefit from a framework fusing high-resolution, OCT-based tumor imaging and state-of-the-art white-light 
stereo vision of the patient’s surgical site. More precise, volumetric OCT data will be processed, tumor information ex-

our approach could be used successfully and effectively by the participants to navigate 3D paths of varying complexity, 
although participants were slightly faster and more accurate with established on-screen methods. We attribute this main-
ly to the novelty of the approach and the early stage of our prototype, yet find the results are already promising and war-
rant further investigation. Future works include iterating the design by experimenting with different placements of the 
LED rings and employing alternate patterns. We also want to experiment with combinations of additional modalities, 
such as auditory display. Furthermore, we plan to evaluate the approach in a more complex, more realistic medical set-
ting. 
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Abstract: 
 
This work focuses on the fabrication and experimental evaluation of an optical vocal fold tissue phantom for optical co-
herence tomography (OCT) and associated implementation of visualization strategies fusing OCT-based information of 
pathological structures (invasive carcinoma, cyst or polyp) with a live camera view.  The phantom is made of silicone as 
bulk material and contains artificial structures in order to reproduce the vocal fold layer-based structure and pathologi-
cal anomalies. Accomplishing this, the two additive materials titanium dioxide particles and carbon nanoparticles are 
used providing abrupt changes in optical scattering and absorption within the tissue phantom. Volumetric OCT imaging 
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1 Introduction 

Optical coherence tomography (OCT) facilitates high-resolution, cross-sectional tomographic imaging of in situ biolog-
ical systems and thus, a broad range of biomedical research and clinical applications due to its unique characteristics 
[1]. It is based on the measurement of backscattered light and its resolution can vary from 1 to 15 µm and a penetration 
depth of 2 to 3 mm in most tissues [1]. Originally applied to ophthalmology, nowadays OCT is also used for qualitative 
tumor diagnosis in dermatology, urology, gynecology, surgery, neurosurgery and rheumatology [1, 2]. Despite its clini-
cal application, recent research focuses on the design and fabrication of phantoms mimicking the optical, mechanical 
and structural properties of biological tissues [3]. This strategy facilitates further development of OCT systems and fu-
ture applications without the necessity of in vivo trials. 
Up to now, literature only provides a few OCT phantoms not focused on specific organs or tissues [4, 5]. Due to the 
manifold of human tissue, i.e., in its micro and macroscopic structure, optical properties significantly vary when ana-
lyzed with optical coherence tomography. Thus, phantom design aims at finding an optimal configuration of a bulk ma-
trix acting as scaffold and additives defining the desired optical characteristics of the tissue. Further relevant properties 
are dedicated to mechanical behavior or even fabricating the three-dimensional shape of the phantom [3].  Reproduction 
of the desired tissue properties, i.e., in the micro-scale, by combining selected materials and fabrication techniques is 
one of the major challenges in designing an OCT phantom. 
In this contribution, we present the design, fabrication and experimental evaluation of an OCT phantom mimicking hu-
man vocal fold tissue. Physiologically, human vocal folds are composed of a layered structure. The upper section com-
prises the thin translucent epithelium with an intact basement membrane followed by the more scattering superficial 
layer of the lamina propria with delicate vessels and the elastic vocal ligaments [6]. Much deeper, the vocal fold body is 
formed  by the thyroarytenoid muscle that commonly cannot be imaged with OCT due to limited penetration depth [6].  
This preliminary work focuses on two pathologic conditions. Both pathologies strongly require volumetric imaging to 
determine the extent of the abnormal changes in the layer-based structure of the vocal folds. The first type is the inva-
sive carcinoma which is characterized by increased backscattering due to changes in the vocal fold’s basement mem-
brane being no longer recognizable within the OCT scan (scattering anomaly). The second type is associated to  trans-
lucent cysts or polyps which are characterized by high absorption of OCT light (absorbing anomaly). Clinical studies 
have been conducted by several researchers emphasizing the high potential of applying OCT for diagnosis in laryngolo-
gy [2, 6, 7]. 
In contrast, removal of aforementioned pathologies can be performed under microscopic or endoscopic observation with 
conventional surgery or surgical lasers. To improve the outcome of such an intervention, prospective intraoperative sce-
narios can benefit from a framework fusing high-resolution, OCT-based tumor imaging and state-of-the-art white-light 
stereo vision of the patient’s surgical site. More precise, volumetric OCT data will be processed, tumor information ex-
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tracted and intuitively provided to the surgeon. In this context, the use of a realistic phantom provides continuous evalu-
ation of adjunct image processing and visualization without the need of in-vivo trials in early development stages.  
In this contribution, silicone elastomer acting as bulk material has been combined with titanium dioxide powder (TiO2) 
and carbon nanoparticles as additives that provide optical scattering and absorption properties as desired by aforemen-
tioned pathological cases. Those materials are well discussed in literature [3, 4, 8], but do not fully provide a realistic 
visual appearance of desired soft tissue phantom. Thus, we make use of a skin tone pigment powder optimizing texture 
information as occurring on laryngeal tissue. Subsequently, fabricated layer-based phantom is analyzed with an optical 
configuration consisting of a spectral domain OCT (SD-OCT) and a calibrated stereo white-light camera setup. Accom-
plishing this, a prior study has addressed the registration of the two imaging modalities and potential augmented reality 
extensions [9]. Subsequently, we present implemented image processing comprising OCT-based lesion detection, real-
time stereo-based surface reconstruction and finally, an augmented reality visualization of segmented tumor information 
within the live 3D view. Such image overlays can provide visual guidance during surgical planning, e.g. by highlighting 
tumor resection margins and monitoring incision depth during the exposure of the laryngeal lesion. 
 
2 Materials and Methods 

2.1  Soft tissue phantom design and fabrication 
 
Our laryngeal tissue phantom is designed as a single layer rectangular block with dimensions of (60×30×5) mm3. Its 
bulk is composed by a two-part polydimethylsiloxane silicone (SF45 2k-Silikon, Silikonfabrik, Germany, density of 
1,12 g/cc, ShA 45) comprising a liquid pre-polymer (part A) and a curing agent (part B), compounded in a 1:1 ratio and 
casted in additively manufactured carrier platform (3D printer Replicator 2X, MakerBot, New York City, US).  
Titanium dioxide (TiO2) powder (Titanium (IV) oxide, Sigma-Aldrich, St. Louis, Missouri, US) has been chosen to pro-
vide optical scattering and absorption in the carrier bulk structure. Initial TiO2 particle concentration has been set to 10 
mg/ml [4], but needed to be reduced to 5 mg/ml in order to achieve desired optical scattering.  
In order to mimic the absorbing anomaly, the material is composed by the same silicone base as the bulk, but has been 
pigmented with 10 mg/ml carbon nanoparticles (Carbon graphitized, particle size < 500 nm, Sigma Aldrich, US) provid-
ing  the desired high absorption. This allows simulating for instance the transition between the vocal fold epithelium 
and a cyst embedded below. In contrast to that, the scattering anomaly material is similar to the carrier/basis bulk mate-
rial, but is pigmented with ten times the TiO2 concentration of the carrier bulk, which is 100 mg/ml in detail. This al-
lows embedding an invasive cancer structure into the bulk demonstrating the transition zone between an intact sub-
epithelial basement membrane and its loss simulating the pathological area. 
In order to provide texture information for image processing with a stereo camera, aforementioned color pigment is 
used to resemble human tissue appearance (skin tone powder European, Silikonfabrik, Germany).  The quantity added 
to the carrier bulk varies from 0.05 to 0.1 g. 
Regarding the general fabrication procedure, TiO2 particles and pigment are mixed manually with the part A used sili-
cone until the compound shows homogeneous appearance. Then, part B is added and mixed similarly. The same applies 
for the separately produced absorbing and scattering masses with their respective amounts of additives. When those are 
cured, they are cut into irregular cubical shapes with approximate dimension of 3 to 5 mm in each direction. Afterwards 
those specimens are  embedded into the not yet completely cured basis bulk structure (see Figs. 3a and 3b). 
 
2.2  OCT imaging of designed tissue-mimicking phantom 
 
Volumetric images of the fabricated phantoms have been acquired with a SD-OCT (Ganymede, Thorlabs, Newton, New 
Jersey, US) at a central wavelength of 930 nm connected to a dedicated acquisition computer. The OCT scan range is 
(10×10×2.76) mm3 with an image definition of 256×256×1024 pixels, resulting in a depth resolution of 2.69 µm. 
The image processing pipeline is implemented on a Linux-based system (Ubuntu 12.04 LTS) deploying the Insight 
Segmentation and Registration Toolkit1 (ITK) and the Visualization Toolkit2 (VTK) for medical image processing and 
interactive visualization. 
 
2.3 Image-based segmentation algorithm 
 
The image-based segmentation of the laryngeal tissue-mimicking phantom comprises two steps: First, robust segmenta-
tion of the surface resembling the upmost epithelium layer as a three-dimensional polygonal mesh [9]. Second, we per-
form a segmentation of the embedded scattering or absorption anomaly (inner surface layer). In future work, segmenta-
tion should also indicate the loss of the basement membrane associated to invasive cancer. 
                                                           
1 http://www.itk.org 
2 http://www.vtk.org 
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As depicted in the overall work flow in Fig. 1b, a generic and mainly automatically carried out segmentation has been 
implemented [10, 11]. It follows the assumption that the most descriptive information about the pathological structure 
will be present within the sub-epithelium layers and will have distinct optical characteristics. The detected surface of the 
epithelial boundary layer provides an initialization for the second segmentation step, which involves the extraction of 
the sub-epithelial volume. Subsequently, entire sub-volume is low-pass filtered in the frequency-domain by deploying a 
Fast-Fourier-Transform to the entire volume at once. As a result, background speckles are suppressed. The gradient 
magnitude image filter is applied to segment the potential boundaries of the volume characterized by significantly dif-
fering scattering or absorption properties due to the embedded specimens and thus, abrupt changes in the TiO2 or carbon 
particle concentration. In order to generate a polygonal mesh out of the gradient information, the marching cubes algo-
rithm is applied with a threshold set by the user. This is necessary because the degree of the intensity change on the de-
tected borders varies between the data sets due to different penetration depth and inhomogeneous additive concentra-
tion.  

 
Figure 1 Image acquisition setup with OCT and stereo camera (a). Phantom images are processed as shown in (b). Pro-
posed segmentation work flow is highlighted in blue. 

Morphological filtering eliminates outliers such as air bubbles in the bulk resulting from manual fabrication process of 
the phantom. Over-segmentation is avoided by a ratio-based hierarchical clustering with subsequent Delaunay triangu-
lation for cluster merging. The size ratio between two segments and their distance defines their corresponding cluster. In 
other words, this allows larger segments to be further apart and still be clustered together similar to small and closer 
segments. In addition to the upmost surface layer, we obtain the sub-epithelial segmentation as polygonal surface mesh.  
 
2.4 Registration of stereo camera and OCT image data 

 
Additionally to OCT imaging, a calibrated stereo rig consisting of two customized cameras (Somikon, Germany) with 
an image definition of 640 x 480 pixels is attached to the setup and provides a stereoscopic view onto the tissue phan-
tom. This modification provides enhanced depth perception which is, in particular in minimally invasive surgery, bene-
ficial when manipulating tissue with instruments. If registered to intraoperative tumor imaging, such as OCT, an aug-
mented reality system can be created facilitating surgical planning directly in the live camera view without the need of 
alternating between different surgical monitors. Fusion of the two imaging modalities is conducted with stereo-based 
computation of scene depth by a parallelized, census transform-based similarity measure [12].  
Triangulation of estimated pixel correspondences to object space provides an estimate of observed surface with respect 
to the camera coordinate frame (CF)C. In the second step, the rigid homogeneous transform 𝑻𝑻 OCT

C between camera 
frame (CF)C and OCT frame (CF)OCT is estimated with a custom-made reference object. This structure comprises a 
configuration of truncated pyramids and thus a distinct shape that would not be available within the planar OCT phan-
tom. Transform 𝑻𝑻 OCT

C
 is obtained with a two-step approach based on matching shape feature correspondences and sub-

sequent Iterative Closest Point (ICP) registration of the surfaces segmented in both modalities [9]. 

2.5 Tumor visualization in the live view 

Subsequent to the registration of OCT and camera, the fabricated OCT phantom is imaged and proposed segmentation 
is applied to detect the sub-epithelial scattering and absorbing anomalies. Acquired data is visualized directly in  frame 
(CF)C of the live view using registration transform 𝑻𝑻 OCT

C. We propose two concepts for augmented reality visualization 
which are described in the following. 
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Color-encoded contour projected onto the epithelium 
 

The polygonal mesh of the segmentation is transformed to the camera frame (CF)C. A mask is determined from those 
points describing the projection of the segmentation to the left and right image plane. The distance between polygonal 
mesh and corresponding surface points is computed and color-encoded in the live view. In detail, visual augmentation is 
achieved by mapping spectral color information onto the distance value of an corresponding image component, i.e., 
hues going from red (close distance) to blue (far distance). A highlighted, labeled color bar illustrates the distance in 
millimeters. In the laser surgery context, the outer boundaries of the lesion are projected to the surface in order to pro-
vide margins for incision planning. Thus, the surgeon knows where to position the laser spot in order to expose the tis-
sue beginning at the upper surface layer.  

Extended color-encoded distance projected onto the epithelium 
 

In contrast to aforementioned contour-limited visualization of the sub-epithelial segmentation, distance information is 
visualized not exclusively in the direction of the shortest distance to epithelium layer. Color-encoding is extended de-
scribing the distance of the surface with respect to the lesion detected below it. This kind of visualization makes the 
surgeon aware of uncertainties in lesion detection and can assist during the definition of proper safety margins. 

3 Results 

3.1 OCT phantom 
 

Multiple phantoms have been designed determining the impact of selected additives and pigments on OCT scattering. 
An example phantom mimicking vocal fold tissue is depicted in Fig. 2a. Bites of TiO2 and carbon embedded into the 
bulk are exemplarily shown in Fig. 2b.  
 

 
Figure 2 The phantom (a) made of silicone bulk includes bites of TiO2 and carbon (b). OCT scans in (c) and (d) 
demonstrate  tissue-mimicking properties of invasive cancer [2] and cysts [6], respectively, that occur within the sub-
epithelial layer of human vocal fold tissue (e – epithelium, bm – basal membrane). 

The quality of the phantom is assessed by visual inspection of acquired OCT scans of the phantom and related human 
vocal fold images provided by the literature [2, 6]. A two layer-based structure has been achieved mimicking the epithe-
lium (e) and the basal membrane (bm) by utilizing a TiO2 concentration discontinuity. Adjunct OCT scan of the phan-
tom is shown in Fig. 2c. The area aside the TiO2 bit simulates a loss of the basal membrane as typically indicated by 
cancerous tissue (refer to Fig. 1 in [2]). Similar to that, the use of carbon nanoparticles facilitates reduction of scattering 
(see Fig. 2d). This allows resembling for instance the transition between the epithelium layer and a vocal fold cyst (refer 
to Fig. 5 in [6]). Aside this area, the basis bulk structure shows minimum desired scattering properties due to a little 
amount of TiO2 added to the silicone. 
 
3.2 Segmentation and visualization 
 
Segmentation of an embedded carbon bit as illustrated in Fig. 3. Our detection algorithm, with minimal user interaction, 
determines the sub-epithelial absorbing anomaly. Those high-gradient contours correspond most likely to the abrupt 
changes between anomalous and non-anomalous tissue. Related augmented reality visualizations with color-encoded 
distance are illustrated in Figs. 3e and 3f, respectively. 
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Figure 3 Designed phantom with an embedded carbon bit (a). The OCT scan in (b) shows associated sub-epithelial ab-
sorbing anomaly but also an air bubble (view from below the surface). Segmentation yields the polygonal mesh of the 
lesion (c). In addition to overlaying the OCT surface to the camera-based reconstruction (d), augmented reality is 
achieved by (e) projecting the contour and distance to the epithelium layer or by (f) extended color-coded distance. 

Fig. 4 illustrates exemplarily the results of six OCT-based segmentations that have been superimposed to the live cam-
era view. In one case, an air bubble is detected as false positive segmentation (see Fig. 4c). Smaller meshes produced 
from air-bubble contours are successfully discarded in proposed morphological filtering step.  
 

 
Figure 4 Magnified camera view (top) and superimposed segmentation (bottom) with carbon (a-c) and TiO2 (d-f). 

4 Discussion 

Our initial design of a phantom without TiO2 or pigment in the bulk material resulted in a translucent optical behavior.  
For optimization purposes, we successively increased the concentration of the two additives in order to achieve desired 
scattering properties. The latter provide a scattering neighborhood that is in particular required to visualize the absorb-
ing properties of embedded carbon nanoparticles.  
The first attempt of injecting a liquid to the highly viscous silicone (e.g. resembling a cyst) did not result in suitable 
specimens because it instantly migrated towards the surface during the curing. Further methods of surface layer con-
struction embedding different types of non-silicon bites generated impenetrable layers for OCT imaging. Finally, our 
approach of embedding already cured bites of TiO2 and carbon into the bulk turned out to be successful. In particular, 
soft tissue phantoms mimicking the layer-based structure of vocal folds have been designed and fabricated even though 
they resemble the anatomical properties in an abstract manner. The materials silicon, titanium oxide and carbon nano-
particles seem to be appropriate, but require further investigations to improve replication of targeted tissue type (e. g. 
concentration). This involves finding a tradeoff regarding the additive concentration as well as the fabrication procedure 
in order to minimize the occurrence of air bubbles remaining in the bulk structure. 
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Regarding image processing, i.e., proposed segmentation algorithm achieves reliable preliminary results but is currently 
limited by a reduced OCT penetration depth of only 0.5 mm. As a result, some embedded anomalies cannot be segment-
ed in their entirety, but only sub-volumes of them (e.g. see Fig. 4c). Furthermore, stereo-based surface reconstruction 
requires sufficient texture comparable to real vocal fold tissue. In this contribution, the concentration of color pigment 
to be added strongly impaired the desired penetration. Thus, a tradeoff had to be found with respect to the phantom’s 
skin-like appearance and the visibility of embedded anomalies shining through the surface layer, i.e. the carbon bites 
(see Figs. 2a). Regarding false positive segmentation such as shown in Fig. 4c, the phantom fabrication process has to 
be refined  in order to minimize the occurrence of air bubbles. 
However, the implemented and analyzed work flow including registration, segmentation and multimodal fusion within 
an augmented reality is highly promising. In the context of vocal fold laser surgery, proposed augmented reality concept 
can assist during the surgical planning in the live view such as defining an incision path with proper safety margins. 

5 Conclusion 

This work presented the fabrication and experimental evaluation of an optical vocal fold tissue phantom for OCT and 
the associated implementation of visualization strategies. The used materials (silicon as bulk and titanium oxide as well 
as carbon nanoparticles as additives) seem to be promising for the development of a vocal fold tissue phantom that rep-
licates desired optical characteristics. The presented workflow includes data acquisition of the phantom, OCT-based 
segmentation of the scattering or absorbing anomaly, stereo-based surface reconstruction and multimodal fusion by em-
ploying an augmented reality approach. Our results demonstrate that the anomaly can be detected in volumetric OCT 
scans but still requires user interaction. A strategy for selecting a proper threshold automatically has to be addressed in 
future work. Main problems with the phantom OCT data also arise from false positive segmentation of air bubbles as 
well as reduced penetration depth that might be attributed to the additive concentration. However, proposed work flow 
combines the advantages of OCT imaging (high resolution and non-invasive optical penetration) and surgical stereo vi-
sion (real-time scene depth computation). Furthermore, proposed color-coded overlay of the segmented structure focus-
es the surgeon’s interest solely on the procedure without taking care or analyzing further imaging modalities. This 
shows potential to increase the acceptance within the prospective user group. Future work also deals with improving 
surface texture and fabrication of multiple layers in an anatomical arrangement for non-planar surfaces mimicking the 
three-dimensional shape of vocal folds. We further focus on materials enabling simultaneous laser ablation of detected 
pathologies to simulate the surgical workflow. 
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Abstract:

Breast surgery planning is today essentially based on radiological images. Wire guides or radioactive seeds serve for 
intra-operative localization of breast tumors. Surgeons thereby face the problem that radiological images show the 
breast in different positioning than during surgery. A research prototype for breast surgery assistance is presented that 
aims at improving breast surgery w.r.t. accuracy of resection extent and reduction of hot margins, orientation, and lo-
calization of the tumor.

Key words: breast surgery, supine position simulation, computer assistance, augmented reality, surgery planning

1 Objectives

For the planning and intra-operative guidance in breast surgery, surgeons use information from pre-operative radiologi-
cal images. Here, mammography is standard. Wire hooks or radioactive seeds intra-operatively guide surgeons from the 
surgical incision to the tumor. Furthermore, surgeons pre-operatively often draw markers on the patient’s skin indicating 
the next point on the skin to the tumor. Surgeons face the problem that they have to transform mentally the two-
dimensional information or projection information from radiological images to the actual three-dimensional surgical 
scenario. In addition, breast presentation during surgery (patient positioning in supine position) might largely differ from 
breast presentation in radiological images (compressed view in mammography, prone position view in MRI). In the US, 
for most patients facing surgery, however, contrast-enhanced breast MRI images are also available since they are the 
acknowledged reference standard to assess a patient with biopsy-proven cancer for contralateral and additional ipsilat-
eral disease prior to therapy. In this work, a research prototype for MRI-based computer-assisted breast surgery planning 
and intra-operative guidance is presented that aims at providing information in a way that is close to the actual surgical 
situation and that lets the surgeon comprehend the relevant information intuitively. It combines existing segmentation 
and simulation functionality. It is the first presentation of the research prototype, and, to our knowledge, it is the first 
application including an augmented reality component for intra-operative guidance during breast surgery.

2 Materials and Methods

The functionality for MRI-based computer assistance for breast surgery planning and guidance includes spatial visuali-
zation of the relevant anatomical structures (breast, chest wall, nipple, breast parenchyma, tumor), simulation of the su-
pine position from prone position MRI using a fast finite element solver [1], visualization of orientation guides (breast 
quadrants, closest point on the skin to the tumor) and risk structures (nipple, skin or chest wall in the vicinity of the tu-
mor), and quantification of parameters as for example distance to the skin or distance to the nipple. Furthermore, quanti-
fication of the relative volume of the planned resection extent in relation to the total breast volume or the volume of the 
breast quadrant provides support for the decision on the type of resection (segmentectomy, quadrantectomy, mastecto-
my). The functionality is integrated into a research prototype. It includes a mobile iPad component that allows usage in 
the OR with tools to adapt the planning scenario interactively to the actual scenario in the OR. The iPad app allows to
overlay the breast visualization onto the iPad’s camera image, creating an augmented reality effect where the surgeon 
looks “through the iPad” onto the patient’s breast (compare Figure 1, rightmost image).

MRI-based visualization and augmented reality for breast surgery 
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Figure 1: Spatial MRI-based visualization of breast, nipples, and tumor (left). Respective simulation of supine position 
(middle). Augmented reality visualization additionally showing breast parenchyma and risk structures within a certain 
distance to the tumor (right).  

3 Results

The presented application has been developed and tested on several retrospective cases. A qualitative analysis of the 
accuracy of the supine position simulation is given in [2, 3]. Compared to the past developments, improvements of the 
implementation of physically plausible biomechanics lead to visually more convincing deformations. Also, the genera-
tion of the patient-specific model from the contrast-enhanced breast MRI scan has been automated, so that in most cases, 
only little manual interaction is required to obtain operable simulations. 

4 Discussion

Interviews with breast surgeons from different clinical sites have been performed to investigate the surgical needs. Sur-
geons reported that specifically information on the tumor position with respect to the nipple and information on the dis-
tance of the tumor to the skin is required. This is deemed important particularly when diffuse growth like in many non-
mass like lesion types leads to non-palpable abnormalities, and when in fatty-replaced breasts the deformation between 
radiological images and the surgical position is largest. Among the much desired features is further the quick evaluation 
of how a given security margin affects surgical options, which has been addressed with a visualization of the breast-to-
excision volume ratio color bar (cf. Figure 1, showing a 10 mm margin in green around the lesion). Evaluation of the 
presented functionality at two clinical sites in the Netherlands and the US is subject of ongoing research.

5 Summary

A research prototype for planning and intra-operative guidance of breast surgery has been presented. Whether it can 
improve the accuracy of resection extent and reduce hot margins has to be analyzed in further clinical evaluations.
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Abstract: 
 
During minimally invasive cochlear implantation the drill passes at distances below 1mm from the facial nerve and 
thus safety mechanisms for protecting this critical structure are required. State of the art neuromonitoring tools lacks 
the sensitivity and specificity necessary to effectively distinguish the close distance ranges experienced in the minimally 
invasive approach, possibly due to a non-optimized tool design and protocol. We propose an advanced neuromonitoring 
approach using varying levels of stimulation parameters applied through a configurable bipolar or monopolar stimu-
lating probe. An in-vivo study was conducted in which measurements at planned lateral distances from the facial nerve 
were performed to determine if the proposed neuromonitoring system could reliably detect an imminent collision with 
the facial nerve. Accurate probe to facial nerve distances were measured on post-operative micro computed tomograph-
ic images. Our findings suggest that the proposed neuromonitoring approach could enable a binary response warning 
system during image-guided robotic cochlear implantation. 
 
Key words: Facial nerve, neuromonitoring, monopolar, bipolar, cochlear implant, robotic, image-guided 
 
1 Introduction 

A minimally invasive cochlear implantation (CI) is enabled by image-guided and robotic-assisted drilling of an access 
tunnel to the middle ear cavity [1], [2]. The approach requires the drill to pass at distances below 1mm from the facial 
nerve and thus safety mechanisms for protecting this critical structure are required. While electromyogram (EMG) based 
neuromonitoring has become a standard safety mechanism for identification and preservation of the facial nerve in mid-
dle ear surgeries, such as revision cases and cochlear implantations [3]–[5], it has yet to achieve the sensitivity and spec-
ificity required to become a reliable safety mechanism when operating in close vicinity of the facial nerve (< 1mm) 
without line of sight to the surrounding anatomy. In an initial investigation towards the possible integration of a com-
mercially available continuous monopolar neuromonitoring drill with our surgical robot system a lack of sensitivity and 
specificity to detect if the facial nerve lies within an unsafe vicinity of the drill was determined [6]. It was hypothesized 
that the unreliable neuromonitoring results were possibly due to current shunting of the uninsulated drill shaft (cathode 
electrode) with the walls of the direct cochlear access (DCA) tunnel. 
 
The use of a monopolar insulated stimulation tool is predicted to provide high detection sensitivity, but may be associat-
ed with a reduced lateral specificity [7], [8]. Conversely, bipolar stimulation which provides a more focused stimulation 
pattern may provide greater spatial selectivity at close ranges to the facial nerve, but possibly insensitivity at larger dis-
tances [9]. To overcome this dilemma, a combined monopolar and bipolar stimulation approach enabling a trade-off be-
tween sensitivity and specificity is proposed. We hypothesized, that using bipolar stimulation in combination with stimu-
lation parameters could provide sufficient sensitivity and specificity to act as an effective safety mechanism for preserva-
tion of the facial nerve in case of an unsafe distance of the drill (e.g. <0.3 mm). 
 
Herein, we present a bipolar versus monopolar parameterized stimulation approach based on a custom-made probe that 
can be used to avoid an impending collision between the drill and the facial nerve during minimally invasive image-
guided CI. To validate that the spatial selectivity (sensitivity and specificity) of facial nerve detection can be increased 
using the focused conduction geometry at the tool tip (bipolar stimulation) combined with varying levels of current in-
tensity and stimulus duration, an in-vivo study was conducted. Results of the study, which involved the drilling of tun-
nels at various controlled distances to the facial nerve, stimulation and subsequent recording of muscular response, cor-
related with micro-computed tomographic (µCT) images and histopathological follow-up, are presented. The determined 
electromyogram (EMG) response to facial nerve distance relationship is utilized in the proposal of a safety mechanism 
stimulation protocol. 
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without line of sight to the surrounding anatomy. In an initial investigation towards the possible integration of a com-
mercially available continuous monopolar neuromonitoring drill with our surgical robot system a lack of sensitivity and 
specificity to detect if the facial nerve lies within an unsafe vicinity of the drill was determined [6]. It was hypothesized 
that the unreliable neuromonitoring results were possibly due to current shunting of the uninsulated drill shaft (cathode 
electrode) with the walls of the direct cochlear access (DCA) tunnel. 
 
The use of a monopolar insulated stimulation tool is predicted to provide high detection sensitivity, but may be associat-
ed with a reduced lateral specificity [7], [8]. Conversely, bipolar stimulation which provides a more focused stimulation 
pattern may provide greater spatial selectivity at close ranges to the facial nerve, but possibly insensitivity at larger dis-
tances [9]. To overcome this dilemma, a combined monopolar and bipolar stimulation approach enabling a trade-off be-
tween sensitivity and specificity is proposed. We hypothesized, that using bipolar stimulation in combination with stimu-
lation parameters could provide sufficient sensitivity and specificity to act as an effective safety mechanism for preserva-
tion of the facial nerve in case of an unsafe distance of the drill (e.g. <0.3 mm). 
 
Herein, we present a bipolar versus monopolar parameterized stimulation approach based on a custom-made probe that 
can be used to avoid an impending collision between the drill and the facial nerve during minimally invasive image-
guided CI. To validate that the spatial selectivity (sensitivity and specificity) of facial nerve detection can be increased 
using the focused conduction geometry at the tool tip (bipolar stimulation) combined with varying levels of current in-
tensity and stimulus duration, an in-vivo study was conducted. Results of the study, which involved the drilling of tun-
nels at various controlled distances to the facial nerve, stimulation and subsequent recording of muscular response, cor-
related with micro-computed tomographic (µCT) images and histopathological follow-up, are presented. The determined 
electromyogram (EMG) response to facial nerve distance relationship is utilized in the proposal of a safety mechanism 
stimulation protocol. 
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2 Materials and methods 

2.1 Neuromonitoring system 

A stimulation probe was developed with the same geometry as the DCA drill (see Figure 1). The probe provides three 
bipolar configurations for focused stimulation in front of the tool tip, and a monopolar configuration offering higher 
penetration depth. A stimulator (Stmisola, Biopac, US) was used to provide a predefined current waveform between the 
cathode and anode electrodes. To allow the current source to be switched among the four cathode-anode configurations, 
a relay was implemented. Stimulus response was recorded using a configurable amplification system (MP150, 
EMG100C, Biopac, US) at 20 kHz with 16 bit resolution. For verification of electrode impedance values, a general-
purpose amplifier (DA100C, Biopac, US) was utilized. 
 
 
 
 

 

 

 Fig. 1: The custom developed stimulation probe. a) Schematic of the probe and stream lines of the current flow-
ing from cathode to anode and relative to the facial nerve. b) Implemented stimulation probe with the cathode 
(c) at the tip, and the 3 anodes (a1, a2 and a3) at distances d = 2, 4 and 7 mm. 

2.2 In-vivo experiment 

With approval of the local institutional review board (Bernese cantonal animal commission, approval number 57/12) the 
developed probe and stimulation protocol were tested in an in-vivo animal study (n=5). A sheep model was chosen, be-
cause, despite the existence of air-filled tympanic bulla and the nonexistence of air cells, it provides similar mastoid and 
FN anatomy to human. 
 
During the animal experiments, implantation of fiducial screws, preoperative CT imaging and planning of the trajecto-
ries was applied similarly to the image-guided workflow in human patients. Using a modified version of the otological 
planning software described in Gerber et al. [10], different groups of trajectories were planned at varying lateral distanc-
es respect to the facial nerve. Intraoperatively, an image-guided robotic system [2] was used to precisely and accurately 
drill the planned tunnels until each measurement point was reached. At pre-defined locations in close proximity to the 
facial nerve, the drill was removed and the probe inserted to the end of the tunnel. Prior to application of a neuromoni-
toring measurement using the stimulating probe, a positive control was applied to verify the animal sensitivity to stimu-
lation. Thereafter, to verify electrode-tissue contact, the electrical impedance between each electrode pair in the probe 
was measured. Figure 2a depicts an example of a planned trajectory relative to the segmented preoperative facial nerve. 
The experimental set-up with the surgical robot at resting position and the stimulating probe inserted in the next meas-
urement point can be seen in Figure 2b. 
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Fig. 2: a) A planned trajectory relative to the preoperative facial nerve. b) The image-guide robot for cochlear 
implantation in resting position while the neuromonitoring protocol is being applied through the stimulating 
probe.  

2.3 Data analysis 

Postoperatively, µCT images of the extracted temporal bones were used to measure the distances from the drilled tunnels 
to the facial nerve. Sensitivity and specificity of facial nerve detection was evaluated for different stimulus thresholds 
(ST) and facial nerve safety distances. Reliability of the neuromonitoring system was assessed based on measures of fa-
cial nerve detection sensitivity and specificity above 95%. Histopathology of representative trajectories with unsafe dis-
tances to the facial nerve (<0.1 mm) was applied to determine any indication of facial nerve damage. In Figure 3 the 
work flow done for the analysis of the neuromonitoring data correlated to facial nerve distance is depicted. 

3 Results 

3.1 Correlation of stimulus threshold to facial nerve distance 

Correlation between stimulus threshold and probe to facial nerve distance was analyzed in 29 trajectories corresponding 
to five different subjects. Although a linear relationship (r = 0.8, p < 0.001) was found should the drill approach the faci-
al nerve for trajectories with a lateral distance below 0.1 mm, the neuromonitoring data was not precise enough to con-
tinuously estimate facial nerve distance.  

3.2 Sensitivity and specificity of facial nerve detection 

It was found that the bipolar probe configurations d=7 and d=2 at intensities of 0.2 to 0.3 mA respectively (pulse dura-
tion = 250 µs) could reliably detected the facial nerve at distances below 0.1 mm with sensitivity and specificity results 
above 95%. The monopolar electrode configuration at 0.2 mA could also detect the facial nerve below 0.1 mm with 100 
% sensitivity, but it resulted in 20% false positive detections between 0 and 0.5 mm. At 1 mA stimulation intensity, the 
neuromonitoring system could not reliably differentiate any facial nerve distance information (>75% false positives). 
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Fig. 3: a) Extracted temporal bone and µCT scan from one of the subjects. b) Representative frontal detection, 
with co-registered measurement points relative to the facial nerve and correlated with stimulus threshold values. 
c) Histopathology of representative case showing the degree of facial nerve damage due to an unsafe drill dis-
tance. 

3.3 Definition of safe and unsafe drilling zones 

 
In Figure 4, safe and unsafe zones (> 95% specificity and/or sensitivity) are indicated for varying stimulation intensities 
and electrode configurations in green and red respectively. White regions represent areas of uncertainty in which a safe 
or unsafe passage could not be determined (< 95% specificity and/or sensitivity).  It is suggested, that these zones could 
facilitate the definition of an optimal monopolar-bipolar stimulation protocol that could potentially assist in decision 
making during drilling near the facial nerve by providing a binary indication of safety. 

 

 

 

 

 

 

 

 

 

 
 
 
 
 

 

Fig. 4: Binary decision matrix summarizing the reliable areas where the neuromonitoring data was able to dif-
ferentiate safety distance margins to the facial nerve. 
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4 Discussion 

Within this work, a potentially clinical applicable and effective implementation of a neuromonitoring based facial nerve 
protective system for a minimally invasive approach to the cochlea has been presented. Experimental results demon-
strated that the new neuromonitoring system was unable to provide a sufficiently accurate estimation of drill-to-facial 
nerve distance, possibly due to the effects of patient specific anatomical variance in the mastoid region surrounding the 
facial nerve. Unlike other previously described systems [5], [6], utilization of the proposed stimulating probe with low 
levels of stimulation intensity (0.2 to 0.3 mA) reliably detected hazardous collisions of the drill bit with the facial nerve 
at distances below 0.1 mm. Histopathology follow up of representative collision cases (facial nerve distance < 0.1 mm) 
indicated that even with slight penetration of the fallopian canal, an immediate stop of robotic operation may prevent 
axonal injury of the facial nerve. This discretization of the available drill-to-facial nerve distance into safe and non-safe 
zones (sensitivity and specificity > 95%) could allow hazardous collisions of the drill bit with the facial nerve to be reli-
ably detected in future studies. 

5 Conclusion 

The results of this in-vivo study advocate that the newly developed probe and protocol could be used in combination 
with strategic small step drilling in the neighborhood of the facial nerve in minimally invasive cochlear implantation to 
prevent damage to the facial nerve in case of image guidance system malfunction. However, while the very narrow facial 
nerve distance detection range of 0.1 mm provided by the neuromonitoring probe of this study may prevent mechanical 
damage, it does not ensure the facial nerve remains preserved in terms of possible high temperatures during drilling, as 
described in [1].  Therefore, it is proposed that the described system be used in conjunction with other reported methods 
of drilling error detection such as the use of intraoperative imaging or redundant instrument tracking algorithms [11]. 
Finally, while stimulation intensity values found in the sheep model proved similar to those obtained on patients, transla-
tion of the proposed system and protocols to human subjects requires further verification. 
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Abstract: 

Einleitung: Maligne und benigne Zellen zeigen eine unterschiedliche Elastizität. Diese Zelleigenschaft kann mittels 
Rasterkraftmikroskopie ermittelt werden. Wenn Plattenepithelzellen unterschiedlicher Dignität bei Schwingungsanre-
gung ein unterschiedliches Resonanzverhalten zeigen, weil sie eine andere Härte besitzen, wäre eine selektive Ablation 
von spezifischen Gewebearten mittels Ultraschallwellen denkbar.  
Material und Methode: Mittels Rasterkraftmikroskopie wurden Elastizitätsmessungen und eine ortsaufgelöste Zellcha-
rakterisierung von Tumorzellen (UD-01) durchgeführt. Darauf folgend wurde ein Ultraschallapplikator unter definier-
ten Bedingungen über einem Zellrasen positioniert und die morphologischen Veränderungen während der Behandlung 
dokumentiert.  
Ergebnisse: Es zeigten sich verschiedene Elastizitäten auf der Plattenepithelkarzinomzelle, abhängig von Lage und Lo-
kalisation. Wir konnten bezüglich der Ultraschallanwendung eine maximale Amplitude definieren, bis zu der morpholo-
gische Zellveränderungen ausschließlich durch Ultraschallanregung entstehen.  
Zusammenfassung: Das Rasterkraftmikroskop eignet sich zur Bestimmung der individuellen Zellelastizität mit einer 
sehr hohen Ortsauflösung. Unsere Ergebnisse dienen als Grundlage für Behandlungsmodalitäten, die zu einer superse-
lektiven Schädigung maligner Zellen führen.    
 

Rasterkraftmikroskopie, Elastizitätsmessung 

 
1 Problemstellung 
Die therapeutischen Optionen bei Pharynxkarzinomen sind ein operatives Vorgehen, die Bestrahlung und die Chemo-
therapie. Es gibt jedoch Tumore, die in ihrer Resektabilität begrenzt sind oder nur schlecht auf Bestrahlung oder Che-
motherapie ansprechen. Daher ist es notwendig, alternative und vor allem selektive Ablationsverfahren zu finden, durch 
die möglichst viel gesundes Gewebe geschont werden kann. Etablierte Anwendungen beziehen sich auf den hoch inten-
siven fokussierten Ultraschall (HIFU). Studien verschiedenster Krankheiten haben mit unterschiedlichen experimen-
tellen Techniken gezeigt, dass Anomalien in den elastischen Eigenschaften von Zellen mit gewissen Krankheiten asso-
ziiert sind und so als Marker zum Nachweis dienen können [1]. Wenn Zellen unterschiedlicher Dignität bei Schwin-
gungsanregung ein unterschiedliches Resonanzverhalten zeigten, weil sie eine andere Härte (charakterisiert durch das 
Youngmodul E ) besitzen, da für elastische Objekte E proportional zum Quadrat der Resonanzfrequenz ist [2], wäre ei-
ne selektive Ablation von spezifischen Gewebearten denkbar. 

 

2 Material und Methoden 
1. Rasterkraftmikroskopie: 
Wir stellten dreidimensionale Abbildungen der Zelloberfläche her (Imaging mode) und führten Messungen von den  
mechanischen Eigenschaften (Force spectroscopy) mit dem Rasterkraftmikroskop (NanoWizard®II, JPK) durch. Die 
Kraftmessungen erfolgten an der zentralen Oberfläche und im Randbereich der Plattenepithelkarzinomzellen der Tu-
morzelllinie UD-SCC-1 (humanes Oropharynxkarzinoms (T3N2bM0/G3, HPV neg.). Wir verglichen für unseren Ver-
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suchsaufbau zusätzlich die Eignung eines pyramidalen (Cantilever: OMCL-TR400PSA-1) und eines stumpfen, kugel-
förmigen Tips  mit einer Federkonstante von 0,02 N/m an einzeln liegenden Zellen als auch an Zellen im Verbund.  

2. Einsatz des Ultraschallsenders 

Um auszuschließen, dass beobachtete Zellveränderungen nach Ultraschallbehandlung (Ultraschallsonde Typ UP200S, 
Hielscher Ultrasonics GmbH, Firma Storz Medical AG) durch ein Erwärmen der Umgebung begründet sind, wurde mit-
tels eines Mikrothermoelements die Temperatur bei der Ultraschallsonde bei unterschiedlicher Auslenkungsamplitude 
bestimmt. Zusätzlich wurden Flüssigkeitsbewegungen und auftretende Geräusche dokumentiert.  

 

3 Ergebnisse  
Insgesamt konnte gezeigt werden, dass es möglich ist, lebende Plattenepithelkarzinomzellen mit dem Rasterkraftmikro-
skop  abzubilden. Im Vergleich zweier verschiedener Tips zeigte sich der stumpfe, kugelige Cantilevertip insgesamt, 
auf Grund besser reproduzierbarer Ergebnisse, für die hier verwendeten UD-01 Plattenepithelkarzinomzelllinie geeigne-
ter als der pyramidale Tip. Das mittlere Young Modul der Zellen im Zellverbund betrug 0,20 kPa bzw. 0,21 kPa, im Be-
reich des Zellrasenrandes 0,09 kPa, außen am Zellrasen liegend von 0,05 kPa. Für die Erstellung einer Force Map über 
einer Plattenepithelzelle wurden je 2 typische Kraftkurven im Zentrum, lateral des Zentrums und im Randbereich be-
trachtet. Die Kurven vom zentralen Bereich der Zelle hatten im Vergleich einen flacheren Anstieg im Kontaktbereich. 
Die Zelle scheint einen zum Randbereich hin abgegrenzten weichen zentralen Bereich zu besitzen. Bei der Beurteilung 
des Temperatureinflusses auf die Zellen konnten wir ab einer Amplitude von etwa 2,15  (Skala des Pontiometers, ohne 
Einheit) Schwingungen in der Flüssigkeit erkennen und Pfeiftöne hören, ab etwa 2,20 kam es zu einer messbaren Tem-
peraturerhöhung. Um sicherzustellen, dass diese Effekte keinen Einfluss ausüben können, wählten wir für alle Messun-
gen den Wert von 2,10 als Maximalamplitude.  Dadurch lässt sich also sicherstellen, dass Zellveränderungen nur durch 
die Ultraschallanregung der Zelle selbst initiiert werden. Bei der Anwendung des Ultraschalls wurde die Amplitude der 
Ultraschallsonde innerhalb einer Minute mit dem Potentiometer kontinuierlich hoch geregelt, bis die Zellen unmittelbar 
unter der Sonde weggesprengt wurden. Bei einem Abstand von 50 μm ist ein zeitlicher Verlauf zu erkennen. Es lösten 
sich einige Zellen langsam nacheinander vom Substrat ab, andere Zellen veränderten nur ihre Form. Bei einem Abstand 
von 100 μm zwischen Ultraschallsonde und Zellen entstand ein Loch im Zellrasen.  
 

4 Diskussion 
Ein besseres Verständnis der physikalischen Mechanismen der Zellen kann neuen gewebeschonenden und minimalin-
vasiven Therapieverfahren in der Onkologie Vorschub leisten. Die Dignität einer Zelle kann aufgrund ihrer Steifigkeit 
ermittelt werden [3] ebenso wie ihr Potential zur Metastasierung [4]. Wichtige Vorteile der Rasterkraftmikroskopie im 
Vergleich zu anderen Methoden sind die hohe vertikale und laterale Auflösung, welche eine dreidimensionale Vermes-
sung der Topographie ermöglicht. Biologische Objekte können in ihrer natürlichen Umgebung untersucht werden. Zu-
sätzlich ist eine genaue Einstellung der verwendeten Kräfte bis hinab in den Nanonewtonbereich möglich. Durch den 
Force-Volume-Modus kann simultan die Topographie dargestellt und die elastischen Eigenschaften einzelner Zellen 
bestimmt werden. Zu den Eigenschaften von Plattenepithelkarzinomzellen aus dem Kopf-Hals-Bereich im Zellverbund 
liegen  unserem Wissen nach bis dato keine Untersuchungen mit der Rasterkraftmikroskopie vor. Zudem gibt es bislang 
keine translationalen Ansätze zur Anwendung von therapeutisch wirksamen Ultraschallwellen auf der Basis der ermit-
telten mechanischen Zelleigenschaften. In der Literatur werden für das Young Modul von verschiedenen Krebszellarten 
Werte, die einige Größenordnungen höher sind als im hier ermittelten Ergebnis angegeben. Es ist anzumerken, dass für 
die Untersuchung von lebenden Zellen das Youngmodul von vielen externen Parametern beeinflusst werden kann. Da-
her ist es auch nicht weiter verwunderlich, dass publizierte Werte selbst für gleiche Zelltypen eklatante Unterschiede 
aufweisen können. 

 

 5 Zusammenfassung 
In der Therapie von Plattenepithelkarzinomen ist man auf der Suche nach selektiven Ablationsverfahren, die möglichst 
viel gesundes Gewebe schonen. Voraussetzung hierfür ist das Wissen über die physikalischen, mechanoelastischen Ei-
genschaften des zu behandelnden Gewebes bzw. der Zellen. Diesem Ansatz folgend wurden, um eine mögliche Mach-
barkeit zu untersuchen, erste Vorarbeiten durch uns mittels Rasterkraftmikroskopie und Ultraschallanwendung durchge-
führt. 
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Abstract:

Bei der Implantation von Cochlea-Implantaten wird die Elektrode meist händisch durch eine Öffnung mit ei-
nem Durchmesser von ca. 0,8mm in die Cochlea inseriert, wobei Lage und Position der Elektrode aufgrund der
geringen Größe der Cochlea kaum beeinflussbar sind und zudem Kontaktkräfte an der Innenwand der Cochlea
entstehen. Für bestmögliches späteres Hörverhalten sind eine schonende Insertion und eine genaue Positio-
nierung der Elektrode jedoch ausschlaggebend. Dieser Beitrag präsentiert ein neues Konzept zur Insertion von
Cochlea-Implantaten, wobei die Elektrode automatisch mittels tubulärer Manipulatoren berührungslos und somit
atraumatisch in die Cochlea eingeführt werden soll. Der tubuläre Manipulator wird in diesem Beitrag hinsicht-
lich verschiedener Parameter (Länge, Krümmung, Torsion, Durchmesser) für ein generalisiertes Cochlea-Modell
optimiert und eine Insertion entlang der Mittellinie mit optimaler Endlage simuliert. Die Ergebnisse zeigen,
dass mit tubulärem Manipulator die Elektrode mit submillimetrischer Genauigkeit innerhalb der Cochlea posi-
tioniert werden kann. Die Pfadabweichung bei der Insertion betrug 0,59mm und die maximale Abweichung von
der Endlage 0,82mm.

Schlüsselworte: Cochlea-Implantate, tubuläre Manipulatoren, Kontinuumsrobotik, roboter-assistierte Chirurgie

1 Problemstellung

Cochlea-Implantate (CI) sind Neuroprothesen, die zur Behandlung von Taubheit und hochgradiger Schwerhörig-
keit dienen. Dazu verfügt das CI über ein, in einem Silikonmantel eingebettetes, Multielektrodenarray, welches
in die Hörschnecke (Cochlea) des Innenohrs eingeführt wird. Durch elektrische Felder, die durch die Elektrode
generiert werden, kann der Hörnerv in der zentralen Achse der Hörschnecke stimuliert und ein Höreindruck
künstlich erzeugt werden. Die Cochlea ist von geringer Größe und hat eine spiralförmige Form. Das Hörorgan
besteht aus einzelnen Kanälen, wobei die Elektrode in den unteren Kanal, die Scala tympani (Breite 1-2mm
[1]), meist mit der Hand oder mit Pinzetten inseriert wird. Dabei ist eine exakte Positionierung des Implantats
durch die Größe der Cochlea nicht möglich.

Seit der Entdeckung, dass das Einführen der Elektrode in die Cochlea (als Insertion bezeichnet) unter
Erhalt eines noch in Resten vorhandenen, natürlichen Hörvermögens möglich ist, ist die CI-Versorgung von
dem Bestreben nach resthörerhaltendem Vorgehen motiviert und dominiert [2, 3]. Das setzt voraus, dass die
Insertion atraumatisch, d.h. unter Schonung und Erhalt der funktionellen und sehr filigranen Binnenstruktur
der Cochlea erfolgt. Bislang eingesetzte CI-Implantate üben jedoch bei der Insertion Kontaktkräfte auf die
Innenwand der Cochlea aus und zerstören meist noch intakte Hörzellen.

Eine naheliegende, bislang jedoch technisch nicht realisierte Idee, besteht darin, eine aktive Anpassung
der Elektrode im Verlauf der Insertion an die individuelle Spiralform des Innenohrs zu erzielen, damit diese
möglichst berührungsfrei in die Cochlea vorgeschoben werden kann. Dazu sind in der Literatur und in Patenten
zahlreiche Mechanismen für eine solche Aktuierung der Elektrode beschrieben. Das Spektrum reicht dabei von
fluidischen [4, 5] oder zugvermittelten Bewegungskonzepten [6, 7] bis hin zu integrierter Formgedächtnisaktorik
[8]. Dabei sind Konzepte, die eine patienten-spezifische Fertigung der CI-Elektrode erfordern (”custom-made im-
plants”), von denen zu unterscheiden, bei denen ein einheitlich gefertigtes Implantat durch externe Ansteuerung
individuell verformt werden kann. Letztere sind aus wirtschaftlichen Aspekten interessanter.

Wir schlagen ein neues Konzept vor für die externe, individuelle Aktuierung der CI-Elektrode während der
Insertion und genauer Positionierung, welches die Anwendung eines tubulären Manipulators vorsieht. Dazu
werden ineinander angeordnete, vorgekrümmte und elastische Röhrchen in den Silikonträger des Implantats
integriert und das herkömmliche Stylet (ein Draht, welcher die Elektrode zu Beginn der Insertion begradigt)
bei perimodialen Implantaten ersetzt. Ein exemplarisches Modell unseres Konzeptes zeigt Abb. 1, wobei der
tubuläre Manipulator im Innern der Scala tympani liegt.
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Abb. 1: Modell der Cochlea mit inserierter Elektrode in der Scala tympani. In blau und rot markiert sind die
gekrümmten Röhrchen des tubulären Manipulators.

Tubuläre Manipulatoren wurden bislang für verschiedene medizinische Applikationen vorgeschlagen, z.B.
für die Herzchirurgie [9], Urologie [10], Schädelbasischirurgie [11] und Neurochirurgie [12]. Verfahren zur auf-
gabenspezifischen optimierten Auslegung tubulärer Roboter für den medizinischen Einsatz wurden bislang z.B.
in [13, 14, 15] vorgestellt.

Ziel dieses Beitrags ist die konzeptionelle Prüfung und eine Simulation der Elektrodeninsertion mit tubulärem
Manipulator. Zur Evaluierung wird ein generalisiertes Scala tympani-Modell verwendet [16]. Anhand des be-
rechneten optimalen Insertionspfades und der Endlage für diese Scala tympani wird der tubuläre Manipulator
parametriert und die Insertionsbewegung hinsichtlich Abweichungen analysiert.

2 Material und Methoden

2.1 Tubulärer Manipulator

Tubuläre Manipulatoren bestehen aus konzentrisch vorgekrümmten Röhrchen, die ineinander geschoben sind
und durch ihre Elastizität miteinander interagieren. Durch mechanische Aktuierung (Translation und Rotation)
jedes Röhrchens, kann der Manipulator unterschiedliche Kurvenformen annehmen. In diesem Beitrag wird ein
tubulärer Manipulator aus 2 helixförmig vorgekrümmten Röhrchen betrachtet, aufgrund der Annahme, dass
sich deren Form bestmöglich an den spiralförmigen Kanal der Cochlea anpasst. Als superelastisches Material
werden hier Röhrchen aus Nitinol gewählt, wobei das innere Röhrchen als Röhrchen 1 und das äußere Röhrchen
als Röhrchen 2 bezeichnet wird (siehe Abb. 1, rechts). Ein gerades Röhrchen (Röhrchen 3) soll zusätzlich
verwendet werden, um die gekrümmten Röhrchen des tubulären Manipulators vor der Insertion in die Cochlea
zu begradigen und durch einen Bohrkanal durch das Felsenbein bis in das runde Fenster (Insertionspunkt) der
Gehörschnecke zu führen.

2.1.1 Designparameter

Dieser Beitrag konzentriert sich auf die Designparameter der helixförmigen Röhrchen 1 und 2 und die Inserti-
onstiefe des geraden Röhrchens l3. Die helixförmigen Röhrchen 1 und 2 sind durch folgende Designparameter
charakterisiert: eine Länge l, einen inneren und äußeren Durchmesser ID und OD, eine Krümmung u∗

x, eine
Torsion u∗

z, das Massenträgheitsmoment I und das Elastizitätsmodul E. Um geeignete helixförmige Röhrchen
für die Insertion eines Implantats in das generalisierte Cochlea-Modell zu finden, müssen vorerst geeignete Werte
für Röhrchendurchmesser, Wandstärke und Insertionstiefe festgelegt werden. Nitinol-Zulieferer (z.B. Euroflex,
Deutschland) fertigen Röhrchen mit inneren Durchmessern von ≥ 0,08mm und Wandstärken von ≥ 0,08mm.
Aufgrund des geringen Kanaldurchmessers (mittlerer Kanaldurchmesser < 2mm) wurden die Randbedingungen
für den inneren und äußeren Durchmesser der Röhrchen definiert als ID1 = 0, 08mm und ID2 = OD1+0, 1mm.

Um eine finale Gesamtinsertionstiefe des Implantats festzulegen, wurden Insertionstiefen von herkömmlichen
perimodialen Implantaten mit Stylet (Cochlear Ltd., Sydney, Australia und Advanced Bionics LLC, Valencia,
United States) betrachtet. Die Insertionstiefe des Implantats wurde deshalb auf l1 + l3 = 18mm gesetzt.

2.1.2 Konfigurationsparameter

Die Konfiguration des tubulären Manipulators ist beschrieben durch q = [β1, β2, β3, ψ1, ψ2], wobei β1, β2, β3

die Translationslängen der Röhrchen 1,2 und 3 beschreiben und ψ1 und ψ2 die relative Verdrehung zwischen
den Röhrchen 1 und 2 beschreibt. Diese müssen für die Aktuierung des tubulären Manipulators im Folgenden
bestimmt werden. Abb. 2 zeigt den tubulären Manipulator mit 2 gekrümmten Röhrchen und Röhrchen 3 zur
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Abb. 2: Tubulärer Manipulator mit Design- und Konfigurationsparametern und Raumkurve g(s) in rot-
gestrichelt markiert.

Begradigung der gekrümmten Röhrchen. Die Kurve g(s) des tubulären Manipulators ist nach der Bogenlänge
parametrisiert und kann mit Hilfe des kinematisches Modells für jede Konfiguration berechnet werden [17].

2.2 Insertion entlang eines Pfades

Damit die Elektrode des Implantats entlang eines vordefinierten Pfades in die Cochlea inseriert werden kann,
müssen Randbedingungen für Interaktion und Auslegung der Röhrchen erfüllt sein. Tubuläre Manipulatoren
aus 2 Röhrchen können sich nach Gilbert et al. [18] unter den folgenden 3 Voraussetzungen entlang eines
vordefinierten Pfades bewegen (

”
Follow the Leader“):

• eines der Röhrchen 1 und 2 ist nicht vorgekrümmt,

• beide Röhrchen 1 und 2 weisen eine kreisförmige Krümmung auf und die Verdrehung zwischen Röhrchen
1 und Röhrchen 2 ist ψ2 − ψ1 = nπ mit n ∈ N, oder

• beide Röhrchen 1 und 2 weisen eine helixförmige Krümmung auf und die Verdrehung beträgt ψ2−ψ1 = nπ.

Da in diesem Beitrag 2 innere Röhrchen mit helixförmiger Krümmung betrachtet werden, kann der Mani-
pulator folglich genau dann einem Pfad exakt folgen, wenn ψ2 − ψ1 = nπ erfüllt ist. Da die Scala tympani
keine große Steigung entlang des Kanals aufweist, können Verdrehungen von nπ allerdings nicht gewährleistet
werden, sodass ein Insertionsfehler zu erwarten ist. Dieser ist jedoch als gering anzunehmen, da die Röhrchen
aufgrund der geringen Größe der Cochlea nicht tief inseriert werden.

2.3 Mittellinie der Scala Tympani

Abb. 3: Generalisiertes Modell der Scala tympani mit
berechneter Mittellinie (blau).

Um den tubulären Manipulator entlang eines Pfades
in die Scala tympani der Cochlea einzuführen, muss
zunächst ein geeigneter Insertionspfad berechnet werden.
Um eine berührungslose Insertion zu ermöglichen, sollte
der Manipulator entlang der Mittellinie der Scala tym-
pani bewegt werden. Zur Berechnung des Insertionspfa-
des in die Cochlea wird dazu die Mittellinie der Sca-
la tympani bestimmt. Zur Bestimmung der Mittellinie
des Scala tympani-Modells von Leon et al. [16] wird das
Oberflächenmodell zunächst in ein Volumenmodell trans-
formiert (isometrische Voxel, 1mm3). Unter Verwendung
eines Dünnungsalgorithmus [19] werden solang Voxel des
Volumenmodells entfernt, bis nur noch das Skelett der
Scala tympani bestehen bleibt. Abb. 3 zeigt das genera-
lisierte Modell mit der berechneten Mittellinie.
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2.4 Berechnung optimaler Röhrchenparameter

Zur Optimierung der Endlage der Elektrode in der Scala tympani entlang der Mittellinie wird ein numerischer
Algorithmus verwendet, welcher die Designparameter d = [OD1, OD2, l1, l2, u

∗
x, u

∗
z, I, E] und die Konfigurati-

onsparameter (ψ1, ψ2) optimiert, sodass eine optimale Endlage gefunden wird. l3 ergibt sich anschließend aus
den Längen l1 und l2 und der Gesamtinsertionstiefe von 18mm. Die Kostenfunktion zur optimalen Endlage
ist dabei definiert als die mittlere Abweichung des Manipulators von der Mittellinie plus die Abweichung des
Endeffektors (Endpunkt des Manipulators) von der Mittellinie

K = λ1

∑n
i ||c(i)− p(i)||2

n
+ λ2 ||c(n)− p(n)||2 . (1)

c(s) beschreibt dabei die Raumkurve der Mittellinie, definiert anhand von s äquidistanten Punkten, wobei die
Anzahl dieser Punkte n = 100 ist. p(s) beschreibt die Raumkurve des Manipulators ebenfalls mit n = 100
äquidistanten Punkten s (empirisch gewählt).

2.5 Simulation der Insertion

Die in Abschnitt 2.4 optimierten Parameter des Röhrchensets d werden nun als konstante Parameter definiert.
Für 20 Insertionsschritte in die Scala tympani werden nun die Aktuatorwerte (β1, β2, ψ1, ψ2) bestimmt, wobei
die Kostenfunktion aus Gl. (1) für jeden Teilpfad optimiert wird, sodass sich der Manipulator entlang der
Mittellinie bewegt. β3 wird als konstant angenommen.

2.6 Evaluierung

Zur Evaluierung des vorgeschlagenen Konzepts, wird die maximale Pfadabweichung bestimmt, wofür der eukli-
dische Abstand zwischen Punkten entlang des Manipulators und der Mittellinie berechnet, aufsummiert und
abschließend der Mittelwert bestimmt wird. Die Berechnung eines Endeffektorfehlers erfolgt durch berechnen des
euklidischen Abstands der Endeffektorposition des Manipulators und des letzten Insertionspunktes (Endeffek-
torposition des letzten Insertionsschrittes) bei maximaler Insertionstiefe. Zusätzlich soll evaluiert werden, ob der
Manipulator dem Pfad in die Scala tympani folgen kann. Hierfür wird ein Insertionsfehler bestimmt, welcher die
Abweichung der Raumkurve des Manipulators bei optimaler Endlage von dem Pfadverlauf der Endeffektorspitze
beschreibt. Dazu wird die maximale Abweichung (Kartesischer Abstand) der erreichten Endeffektorpositionen
von der Raumkurve bestimmt.

3 Ergebnisse

3.1 Optimale Röhrchenparameter

Die Röhrchenparameter, welche mit Hilfe des numerischen Algorithmus’ für eine optimale Endlage in der Sca-
la Tympani optimiert wurden, sind in Tabelle 1 aufgeführt, wobei die Durchmesser der Röhrchen OD1 =
0, 3893mm, ID2 = 0, 4893mm und OD2 = 0, 6208mm sind. λ1 und λ2 wurden empirisch auf 0,7 und 0,3 ge-
setzt. Abb. 4 zeigt die Röhrchen des tubulären Manipulators bei optimaler Endlage nah an der Mittellinie (rot
gepunktet). Die maximale Pfadabweichung des tubulären Manipulators von der Mittellinie beträgt 0,82mm und
die Endeffektorabweichung 0,66mm.

l1 [mm] l2 [mm] l3 [mm] u�
1x [m

−1] u�
2x [m

−1] u∗
z [m

−1] EI1 [Gpam4] EI2 [Gpam4] ψ1 [rad] ψ2 [rad]

15,5 7,0 2,5 456,78 81,39 12,11 0,0009 0,0011 5,07 0,07

Tabelle 1: Röhrchenparameter des tubulären Manipulators für die Endlage nah der Mittellinie.
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Abb. 4: Tubulärer Manipulator mit Röhrchen 1 (blau) und Röhrchen 2 (rot). Enlage nah an der Mittellinie (rot
gepunktet) in räumlicher Ansicht (links) und Sicht auf die x-/y-Ebene (rechts).

3.2 Insertion

Der maximale Pfadabweichungsfehler während der Insertion beträgt 0,59mm, die maximale Endeffektorab-
weichung 0,48mm und der Insertionsfehler 0,5mm. Abb. 5 zeigt exemplarisch 3 simulierte Insertionsschritte
der Röhrchen 1 und 2 des tubulären Manipulators in die Scala tympani, wobei die Gesamtinsertionstiefe links
5,5mm, in der Mitte 14mm und rechts 17,8mm beträgt.

Abb. 5: Exemplarische Insertionsschritte des tubulären Manipulators entlang der Mittellinie (rot gepunktet).

4 Diskussion und Zusammenfassung

Mit diesem Beitrag wurde erstmals ein Konzept für die atraumatische Insertion von Cochlea-Implantaten mit
tubulären Manipulatoren vorgeschlagen. Es konnte für ein generalisiertes Cochlea-Modell nachgewiesen werden,
dass die Endlage des tubulären Manipulators maximal 0,82mm von der Mittellinie abweicht. Zudem wurde ge-
zeigt, dass die Röhrchen des tubulären Manipulators bei der Insertion submillimeter genau manövriert werden
können, mit maximal 0,59mm vom Pfad abweichen und der Insertionsfehler mit 0,5mm gering ist. Damit konn-
te die prinzipielle Machbarkeit bewiesen werden und motiviert für die weitere Entwicklung und Optimierung
der tubulären Manipulatoren für die Anwendung innerhalb der Cochlea. Dennoch sind weitere Verbesserungen
der Genauigkeit notwendig, damit eine schonende intracochleäre Positionierung gewährleistet werden kann. Im
nächsten Schritt wird der hier verwendete Optimierungsalgorithmus auf konkrete Patientendatensätze ange-
wendet, um das Verfahren weitergehend zu prüfen. Die Erstellung eines Prototypen und erste Versuche an
Cochleamodellen sollen Aufschluss über die Umsetzbarkeit liefern.
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[2] E. Lehnhardt, Die intrakochleäre Platzierung der Cochlear-Implant-Elektroden in soft surgery technique.
HNO. 41(7):356-9, 1993.

[3] C. von Ilberg, J. Kiefer, J. Tillein, T. Pfenningdorff, R. Hartmann, E. Stürzebecher, R. Klinke, Electric-
acoustic stimulation of the auditory system. New technology for severe hearing loss, Journal for oto-rhino-
laryngology and its related specialties. 61(6):334-40, 1999.

[4] B. Arcand, S. Shyamsunder, C. Friedrich, A Fluid Actuator for Thin-Film Electrodes, Journal of Medical
Devices, 1(70):70–78, 2007.

[5] J. Stieghorst, T. S. Rau, O. Majdani, G. Sadowski, T. Doll, Hydrogel-based self-bending mechanism for
cochlear implants, in 13th International Conference on Cochlear Implants and Other Implantable Auditory
Technologies, S. 67, 2014.

[6] B. K. Chen, H. N. Kha, G. M. Clark, Development of a steerable cochlear implant electrode array, in
International Conference on Biomedical Engineering, S. 607–610, 2007.

[7] J. Zhang, N. Simaan, Design of Underactuated Steerable Electrode Arrays for Optimal Insertions, Journal
of Mechanisms and Robotics, 5(1):1–11, 2013.

[8] O. Majdani, T. Lenarz, N. Pawsey, F. Risi, G. Sedlmayr, T. S. Rau, First Results with a Prototype of a
new Cochlear Implant Electrode featuring Shape Memory Effect, Biomedical Engineering, 58(1):1–2, 2013.

[9] A. H. Gosline, N. V. Vasilyev, E. J. Butler, C. Folk, A. Cohen, N. Lang, P. J. Nido, P. E. Dupont, Per-
cutaneous intracardiac beating-heartsurgery using metal MEMS tissue approximation tools, International
Journal on Robotics Research, 31(9):1081–1093, 2012.

[10] R. J. Hendrick, S. D. Herrell, R. J. Webster III, A Multi-Arm Hand-Held Robotic System for Transurethral
Laser Prostate Surgery, in IEEE International Conference on Robotics and Automation, S. 2850 – 2855,
2014.

[11] J. Burgner, D. C. Rucker, H. B. Gilbert, P. J. Swaney, P. T. Russell, K. D. Weaver, R. J. Webster III, A
Telerobotic System for Transnasal Surgery, IEEE/ASME Transactions on Mechatronics, 19(3):996–1006,
2013.

[12] J. Burgner, P. J. Swaney, R. A. Lathrop, K. D. Weaver, R. J. Webster III, Debulking from within: A robotic
steerable cannula for intracerebral hemorrhage evacuation, IEEE Transactions on Biomedical Engineering,
60(9):2567–2575, 2013.

[13] C. Bergeles, A. Gosline, N. V. Vasilyev, P. J. Codd, P. J. del Nido, P. E. Dupont, Design optimizati-
on of concentric tube robots based on task and anatomical constraints, IEEE Transactions on Robotics,
31(1):398–403, 2015.

[14] J. Burgner, H. B. Gilbert, R. J. Webster III, On the Computational Design of Concentric Tube Robots:
Incorporating Volume-Based Objectives, IEEE International Conference on Robotics and Automation, S.
1185-1190, 2013.

[15] J. Burgner-Kahrs, Task-specific Design of Tubular Continuum Robots for Surgical Applications, Soft Ro-
botics – Transferring Theory to Application, A. Verl, A. Albu-Schäffer, O. Brock, A. Raatz (Eds.), S.
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Abstract: Eine Volumenmessung von Lymphknoten kann zum Monitoring verschiedener Erkrankungen sinnvoll 
sein. Im Rahmen des EU-Projekts Oramod wird eine Radial-Strahl-basierte 3D-Segmentierung von 
Lymphknoten in CT-Datensätzen angewandt. So werden automatisiert innerhalb weniger Sekunden die längste, 
die kürzeste Achse und das Volumen des Lymphknotens angezeigt. Zusätzlich kann mit Hilfe eines Kopf-Hals-
Atlas eine Zuordnung des segmentierten Lymphknotens in ein Halslevel erfolgen. Dazu muss eine Adaptierung 
an den CT Datensatz erfolgen. Die bisherigen Untersuchungen zeigen reproduzierbare und präzise 
Segmentierungsergebnisse. 

Schlüsselworte: automatisierte Segmentierung, Halslymphknoten, Kopf-Hals-Atlas 

1 Problemstellung
Lymphknoten weisen eine hohe Varianz in Form, Größe und Anzahl auf. Diese Merkmale dienen als Indikator 
und zum Monitoring verschiedener Erkrankungen. Eine Größenvergleichbarkeit ist v.a. bei malignitäts-
bedingten Lymphknotenvergrößerungen oftmals entscheidend. Eine Volumenmessung der Lymphknoten würde 
eine potentielle Verbesserung schaffen, ist jedoch in der täglichen Routine nicht etabliert, da sie bisher nicht 
regelhaft schnell durchführbar ist. Im Rahmen des EU-Projekts Oramod wird ein Software-basiertes Modell zur 
Vorhersage der Rezidiv-Wahrscheinlichkeit und des Überlebens bei Patienten mit Mundhöhlen-Karzinomen 
entwickelt. Dieses basiert auf genetischen, klinischen und Bildgebungsdaten. Im Bereich der Bildgebung besteht 
dabei der Bedarf einer automatisierten Bildgebungsanalyse. Die Anforderungen sollten eine verbesserte Inter-
Observer-Objektivität und Reproduzierbarkeit, eine schnellere automatisierte Bearbeitung und eine 
automatisierte Strukturen-Zuordnung sein. Dies soll letztlich zu einer Verbesserung der Qualität von 
Dokumentation und Verlauf führen. 

2 Methode
Es erfolgt eine automatische Lymphknoten Segmentierung anhand von CT Datensätzen.  In Kooperation mit 
dem Fraunhofer Institut (Darmstadt) wird eine dazu die Radial-Strahl-basierte 3D-Segmentierung angewandt [1]. 
Von einem manuell vorgegebenen Saatpunkt werden jeweils über 2000 Strahlen radial ausgesendet. Eine 
Anpassung der Anzahl der Strahlen an eine größere Oberfläche erfolgt nicht.  Unter Einbeziehung von 
Bildinformation und lokalem Formwissen wird eine Segmentierung erzeugt. Dabei hat die Helligkeit der CT 
Bilder keine Auswirkung auf die Genauigkeit der Segmentierung, allerdings die Auflösung der CT Scanner. 
Dieses Grundverfahren wäre mit einer geringen Anpassung ebenfalls auf andere Strukturen übertragbar, z.B. den 
Bulbus oculi. Voraussetzung hierfür ist eine annähernd sphärische Struktur, sowie ein guter Kontrast zum 
umliegenden Gewebe. Mit Hilfe eines Kopf-Hals-Atlas kann eine Zuordnung des segmentierten Lymphknotens 
in ein Halslevel erfolgen [2,3]. Dazu muss eine Adaptierung des Atlas an einen CT Datensatz stattfinden. 

Abb. 1: Radial-Strahl-basierte 3D Segmentierung als Modell (a) und als Darstellung im CT (b) 
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Abb. 2: Artikulierter Kopf-Hals-Atlas als Modell (a) und Darstellung der Halslevel 2D in gelb im CT 

3 Ergebnisse 
Wir etablieren diese Form von Segmentierung in unserer Klinik und zeigen exemplarisch die Anwendung bei 
Lymphknoten von Tumorpatienten. So werden automatisiert innerhalb weniger Sekunden die längste, die 
kürzeste Achse und das Volumen des Lymphknotens angezeigt. Das jeweilige Volumen lässt sich auch bei 5-
maliger Wiederholung des Segmentierungsvorganges reproduzieren. Eine Adaptierung des Kopf-Hals-Atlas war 
in der Hälfte der Fälle erfolgreich und dauert im Schnitt ca. 4 min. Ein Ablauf des Adaptierungsvorgangs im 
Hintergrund ist dabei möglich. Eine Adaptierung konnte nicht stattfinden, wenn sich der Kopf zur Zeit der CT-
Aufnahme z.B. in zu ausgeprägter Flexionsstellung befand. War die Adaptierung erfolgreich wurden die 
segmentierten Lymphknoten automatisch dem entsprechenden Halslevel zugeordnet. 

4 Diskussion
Mit Hilfe der Radial-Strahl-basierten 3D-Segmentierung können Lymphknoten sekundenschnell in Bezug auf 
das Verhältnis ihrer Achsen und das Volumen verglichen und in den Kopf-Hals-Atlas eingeordnet werden. Es 
zeigen sich reproduzierbare und präzise Segmentierungsergebnisse. Eine solche höhere systematisierte 
Objektivität kann durch die reduzierte Inter-Observer-Variabilität, die Qualität und Dokumentation bei der 
Lymphknotenbeurteilung, nicht nur in der Tumornachsorge, sondern v.a. bei variierenden Untersuchern, 
verbessern. Momentan sind die Fallzahlen noch sehr gering. Zukünftige Untersuchungen werden folgen in 
Kürze.

5 Zusammenfassung 
Lymphknoten weisen eine hohe Varianz in Form, Größe und Anzahl auf. Diese Merkmale dienen als Indikator 
und zum Monitoring verschiedener Erkrankungen. Eine Größenvergleichbarkeit ist v.a. bei malignitäts-
bedingten Lymphknotenvergrößerungen oftmals entscheidend. Es erfolgt eine automatische Lymphknoten 
Segmentierung anhand von CT Datensätzen. In Kooperation mit dem Fraunhofer Institut (Darmstadt) wird eine 
dazu die Radial-Strahl-basierte 3D-Segmentierung angewandt. Mit Hilfe eines Kopf-Hals-Atlas kann eine 
Zuordnung des segmentierten Lymphknotens in ein Halslevel erfolgen. Wir etablieren diese Form von 
Segmentierung in unserer Klinik und zeigen exemplarisch die Anwendung bei Lymphknoten von 
Tumorpatienten. Mit Hilfe der Radial-Strahl-basierten 3D-Segmentierung können Lymphknoten 
sekundenschnell in Bezug auf das Verhältnis ihrer Achsen und das Volumen verglichen und in den Kopf-Hals-
Atlas eingeordnet werden. Es zeigen sich reproduzierbare und präzise Segmentierungsergebnisse. 
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Abstract:

Die Länge der Cochlea ist klinisch insbesondere im Hinblick auf die Auswahl patientenspezifisch geeigneter Cochlea-
Implantate von hoher Bedeutung. Gleichzeitig liefern konventionelle DICOM-Viewer mit parallelen Schnittebenen nur 
unzureichende Mittel zur Darstellung und Vermessung der Cochlea. Daher wurde basierend auf den Open-Source-
Bibliotheken ITK und VTK eine Software entwickelt, die die Darstellung und Vermessung der Cochlea in radialen, mid-
modiolaren Schnittebenen erlaubt, die in einstellbaren Winkelinkrementen um die Mittelachse gedreht werden können. 
In dieser Ansicht lässt sich einfach ein Pfad in der Cochlea markieren, dessen Länge automatisch berechnet wird. 

Schlüsselworte: Cochlea-Längenmessung, midmodiolar, Visualisierung, DICOM 

1 Problemstellung 

Die präoperative Kenntnis der patientenspezifischen Cochlea-Länge ist klinisch von hoher Bedeutung für die Auswahl 
eines Cochlea-Implantats (CI) mit einem Elektrodenträger (ET) passender Länge [1], [2]. Da der ET in die Cochlea in-
seriert wird, führt ein langer ET bei einer kurzen Cochlea zu einer zu tiefen Insertion, die mit einem erhöhten Risiko der 
Beschädigung intracochleärer Strukturen und damit eines Verlusts des Resthörvermögens oder sogar von stimulierba-
rem Nervengewebe einhergeht. Andererseits wird mit einem kurzen Implantat in einer langen Cochlea eine unzu-
reichende Abdeckung erreicht, wodurch nur ein eingeschränkter Frequenzbereich stimuliert werden kann. 
Durch die Lage der Cochlea, die tief im Felsenbein verborgen ist, kann ihre präoperative Vermessung nur auf tomogra-
fischen Bilddaten, z.B. Digitale Volumen Tomografie (DVT), erfolgen. Die Betrachtung dieser Daten erfolgt üblicher-
weise in DICOM-Viewern, in denen die Volumendatensätze in orthogonalen Schnitten dargestellt werden. Die Schnitt-
ebenen können dabei parallel verschoben werden, um andere Schichten anzuzeigen. 
Die Cochlea ist ein spiralförmiges Organ, in dessen Mittelachse ein Teil des Hörnervs (Modiolus) verläuft. Daher bietet 
sich, im Gegensatz zur konventionellen Darstellung in parallelen Schnitten, eine Darstellung in radialen Schnitten 
durch die Längsachse des Modiolus (midmodiolare Schnittansicht) an. In dieser Ansicht lassen sich leicht Positionen 
innerhalb des Cochlea-Lumens identifizieren. Im Folgenden wird deshalb eine Software beschrieben, die es erlauben 
soll, in midmodiolaren Schnitten die Länge der Cochlea einfacher und schneller als mit bestehenden Methoden (z.B. 
[1], [2]) zu vermessen. 

2 Material und Methoden 

Das Programm wurde in C++ in der Entwicklungsumgebung Visual Studio 2010 (Microsoft Corp., Redmont, US-WA) 
entwickelt. Es basiert auf den Open-Source-Bibliotheken Insight Segmentation and Registration Toolkit 4.8.4 (ITK) [3] 
für Bildverarbeitung, The Visualization Toolkit 5.10.1 (VTK) [4] für Bilddarstellung, Grassroots DICOM 2.4.4 
(GDCM) [5] für DICOM-Interaktion und Qt 4.8.4 [6] für die grafische Oberfläche (Graphical User Interface, GUI). 

3 Ergebnisse 

Die Software wurde erfolgreich implementiert. Ein geladener DICOM-Datensatz wird initial in einer gewöhnlichen 
Vier-Fenster-Ansicht dargestellt, von denen drei konventionelle orthogonale Schnitte (sagittal, coronal und axial), die 
jeweils mit dem Mausrad parallel verschoben werden können, zeigen. Das vierte Fenster dient der  3D-Darstellung des 
Datensatzes. In den vier Ansichten kann der Nutzer durch das Setzen zweier Punkte die Modiolus-Achse definieren. 
Daraufhin wird eine vierte Schnittansicht generiert, die die Achse enthält und somit die Cochlea radial und midmodiolar 
schneidet. In dieser Ansicht führt eine Drehung des Mausrads nicht zu einer Parallelverschiebung der Schnittebene 
sondern zu einer Rotation um die nutzerdefinierte Achse. Das Winkelinkrement ist dabei einstellbar. Dadurch lassen 
sich midmodiolare Schnitte an beliebigen Stellen erzeugen. 
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Abb. 2: Artikulierter Kopf-Hals-Atlas als Modell (a) und Darstellung der Halslevel 2D in gelb im CT 

3 Ergebnisse 
Wir etablieren diese Form von Segmentierung in unserer Klinik und zeigen exemplarisch die Anwendung bei 
Lymphknoten von Tumorpatienten. So werden automatisiert innerhalb weniger Sekunden die längste, die 
kürzeste Achse und das Volumen des Lymphknotens angezeigt. Das jeweilige Volumen lässt sich auch bei 5-
maliger Wiederholung des Segmentierungsvorganges reproduzieren. Eine Adaptierung des Kopf-Hals-Atlas war 
in der Hälfte der Fälle erfolgreich und dauert im Schnitt ca. 4 min. Ein Ablauf des Adaptierungsvorgangs im 
Hintergrund ist dabei möglich. Eine Adaptierung konnte nicht stattfinden, wenn sich der Kopf zur Zeit der CT-
Aufnahme z.B. in zu ausgeprägter Flexionsstellung befand. War die Adaptierung erfolgreich wurden die 
segmentierten Lymphknoten automatisch dem entsprechenden Halslevel zugeordnet. 

4 Diskussion
Mit Hilfe der Radial-Strahl-basierten 3D-Segmentierung können Lymphknoten sekundenschnell in Bezug auf 
das Verhältnis ihrer Achsen und das Volumen verglichen und in den Kopf-Hals-Atlas eingeordnet werden. Es 
zeigen sich reproduzierbare und präzise Segmentierungsergebnisse. Eine solche höhere systematisierte 
Objektivität kann durch die reduzierte Inter-Observer-Variabilität, die Qualität und Dokumentation bei der 
Lymphknotenbeurteilung, nicht nur in der Tumornachsorge, sondern v.a. bei variierenden Untersuchern, 
verbessern. Momentan sind die Fallzahlen noch sehr gering. Zukünftige Untersuchungen werden folgen in 
Kürze.

5 Zusammenfassung 
Lymphknoten weisen eine hohe Varianz in Form, Größe und Anzahl auf. Diese Merkmale dienen als Indikator 
und zum Monitoring verschiedener Erkrankungen. Eine Größenvergleichbarkeit ist v.a. bei malignitäts-
bedingten Lymphknotenvergrößerungen oftmals entscheidend. Es erfolgt eine automatische Lymphknoten 
Segmentierung anhand von CT Datensätzen. In Kooperation mit dem Fraunhofer Institut (Darmstadt) wird eine 
dazu die Radial-Strahl-basierte 3D-Segmentierung angewandt. Mit Hilfe eines Kopf-Hals-Atlas kann eine 
Zuordnung des segmentierten Lymphknotens in ein Halslevel erfolgen. Wir etablieren diese Form von 
Segmentierung in unserer Klinik und zeigen exemplarisch die Anwendung bei Lymphknoten von 
Tumorpatienten. Mit Hilfe der Radial-Strahl-basierten 3D-Segmentierung können Lymphknoten 
sekundenschnell in Bezug auf das Verhältnis ihrer Achsen und das Volumen verglichen und in den Kopf-Hals-
Atlas eingeordnet werden. Es zeigen sich reproduzierbare und präzise Segmentierungsergebnisse. 
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Wenn die Achse definiert ist, können in konsekutiven midmodiolaren Schnitten Positionen in der Cochlea markiert 
werden. Die Länge des so definierten Pfades wird auf Knopfdruck berechnet. Dabei werden die Punkte durch einen 
Spline verbunden (siehe Abb. 1). 

Abb. 1: Ein markierter Pfad in der Cochlea (DVT) in midmodiolarer Ansicht in verschiedenen Winkeln (links, Mitte) 
und als verbundener Pfad in 3D-Ansicht (rechts) 

4 Diskussion 

Die vorgestellte Software erlaubt die präoperative Vermessung der Cochlea auf radiologischen Bilddaten in einer an die 
Cochlea angepassten Schnittdarstellung. In der radialen, midmodiolaren Ansicht ist es einfacher, Pfade entlang der 
Cochlea zu markieren als in orthogonalen, parallelen Schichten, von denen bestenfalls zwei midmodiolar liegen. 
Dadurch wird es zum einen erleichtert die Außenwand der Cochlea zu markieren, um die Länge der Cochlea zu messen, 
wie es bereits beschrieben wurde [1], [2]. Zum anderen lassen sich auch leicht Positionen wie an der Innenwand oder in 
der Mitte des Lumens erkennen. Das ermöglicht die Bestimmung der Cochlea-Länge im Bezug zu einer erwarteten ET-
Lage, die beispielsweise bei perimodiolaren oder Midscala-ET nicht an der Außenwand liegt. Zur Evaluierung der 
Messergebnisse ist die Vermessung einer Referenzgeometrie geplant, die in Tierknochen gefräst werden soll. 
Die einfache und schnelle Bedienung des Programms würde einen klinischen Einsatz erlauben. In zukünftigen Experi-
menten ist daher geplant, die Möglichkeiten der Vorhersage von Insertionstiefen für gegebene ET zu untersuchen. 
Langfristig wird erwartet, dass die Software den Chirurgen vor einer CI-Operation bei der Auswahl des patientenindi-
viduell optimalen ET unterstützen und somit den Implantationserfolg für den Patienten verbessern kann. 

5 Zusammenfassung 

Eine Software wurde programmiert, die in wenigen, einfachen Schritten eine Darstellung der Cochlea in midmodiola-
ren Schnitten erlaubt. In dieser Ansicht kann leicht ein Pfad in der Cochlea markiert und dessen Länge bestimmt wer-
den. Langfristig wird erwartet, dass das Programm den Chirurgen vor einer Cochlea-Implantation bei der Auswahl des 
patientenindividuell optimalen Elektrodenträgers unterstützen kann. 
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Abstract: 
 
Die minimal-invasive Zugangslegung für die Cochlea-Implantation in Form eines linearen Bohrkanals (ø ≤ 2 mm) zum 
Innenohr stellt sehr hohe Anforderungen an die Genauigkeit. Begründet ist dies durch einen anatomisch bedingten 
Engpass, dem Recessus facialis, und der geforderten Positionsgenauigkeit am Zielgebiet (Cochleostomie). Knochenver-
ankerte Mini-Stereotaxiesysteme stellen einen vielversprechenden Ansatz zum Erlangen der erforderlichen Genauigkeit 
dar. Die vorliegende Arbeit präsentiert das methodische Vorgehen einer anatomischen Bauraumanalyse zur konstrukti-
ven Auslegung solcher Systeme. Für die Befestigung an der lateralen Schädelbasis (Kranium) sind dafür geeignete Be-
reiche lokalisiert und ausgewertet worden. Darüber hinaus ist ein möglicher Gebrauch von Konfektionsgrößen unter-
sucht worden. Als Ergebnis steht eine gemittelte und verifizierte anatomische Bauraumgeometrie zur Verfügung. 
 
Schlüsselworte: Trajektorie, Cochlea-Implantat, Stereotaxierahmen, minimal-invasiv, Kranium 
 
 
1 Problemstellung 

Für taube und hochgradig schwerhörige Menschen eröffnet sich im Hinblick auf eine mögliche minimal-invasive Ope-
rationsmethodik für Cochleaimplantate eine neue Perspektive. So ist es Ziel, den Patienten schonender und effektiver zu 
behandeln, daraus resultiert auch eine schnellere Genesung mit kurzer Rehabilitationszeit [1], [2]. Die minimal-invasive 
Versorgung mit einem Cochleaimplantat (CI) durch einen linearen Bohrkanal von der lateralen Schädelbasis (Kranium 
speziell Os temporale) bis zur Hörschnecke (Cochlea) stellt hohe Genauigkeitsanforderungen an den chirurgischen Ein-
griff. Anatomisch ist die hohe, notwendige Genauigkeit durch zwei wesentliche Faktoren begründet: Zum einen durch 
die Passage des V-förmigen Engpasses, des Recessus facialis, gebildet durch Geschmacksnerv (Chorda tympani) und 
Gesichtsnerv (Nervus facialis). Zum anderen muss der geplante Zielpunkt der Bohrung am Innenohr, die sogenannte 
Cochleostomiestelle, mit hoher Genauigkeit erreicht werden. Schipper et al.[3] haben dafür einen Grenzwert von 
0,5 mm postuliert. Bisherige Arbeiten anderer Arbeitsgruppen lassen erkennen, dass solche Genauigkeiten durch kno-
chenverankerte Assistenzsysteme, wie z. B. durch den Microtable, erreicht werden können [4], [5], [6]. Diese sind vor-
zugsweise klein, leicht und können nach individueller Konfiguration im Bereich des Situs am Schädel verschraubt wer-
den. 
Ziel eines aktuellen Forschungsvorhabens ist die Entwicklung eines neuen Mini-Stereotaxiesystems für die laterale 
Schädelbasis, welches sich durch eine intraoperative Nachbearbeitung unter vollständig sterilen Bedingungen auszeich-
net. Dadurch soll, im Gegensatz zum Microtable, der dort notwendige Sterilisationsvorgang vermieden werden, wovon 
sich eine weitere Reduzierung der OP-Dauer versprochen wird. Das System soll dazu aus einer rigiden Trägerplattform 
bestehen, welche am Schädel verschraubt wird, und zusätzlich aus einem individuell nachgearbeiteten Aufsatz, der nach 
intraoperativer Bildgebung und Planung in einem sterilen Fertigungssystem finalisiert wird. Ziel der vorliegenden Ar-
beit ist eine Auswertung der anatomischen Variabilität der lateralen Schädelbasis unter Berücksichtigung geeigneter Be-
reiche für die Knochenverankerung sowie der Streuung der möglichen Bohrungspfade zum Innenohr. Diese soll als 
Grundlage für den konstruktiven Entwurf der Trägerplattform dienen. 
Eine geeignete Form der Befestigung an der lateralen Schädelbasis für einen stereotaktischen Rahmen ist eine Drei-
punktbefestigung mit drei einzelnen Knochenschrauben. Dies zeigen Arbeiten von Labadie et al.[4], [5], [7]–[9]. Dar-
über hinaus können die drei Bereiche auch als Stützstellen für einen stereotaktischen Rahmen mit nur einer zentralen 
Knochenschraube genutzt werden. Ein ähnliches Prinzip ist von der Verankerung von Navigationssternen in der Neuro-
chirurgie bekannt [10]. Für die Verankerung eines stereotaktischen Systems am Kranium ist es daher von großer Bedeu-
tung geeignete Bereiche aufzufinden, an denen die Knochendicke für die Verankerung ausreichend ist. Bedingt durch 
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die anatomische Variabilität wurde im Zuge der Analyse untersucht, ob Konfektionsgrößen für die Trägerplattform be-
nötigt werden, oder ob gar eine an die jeweilige Anatomie anpassbare Lösung notwendig ist. 
 
2 Material und Methoden 

2.1 Segmentierung und Trajektorienplanung 
 
Für die Analyse der anatomischen Variabilität wurden radiologische Bilddaten (Computertomographie, CT) von 20 er-
wachsenen Patienten verwendet. Als erstes erfolgte die automatische Segmentierung der für die Zugangsplanung rele-
vanten anatomischen Strukturen (Cochlea mit Scala vestibuli und Scala tympani, die Gehörknöchelchen, der äußerer 
Gehörgang, Nervus facialis und Chorda tympani) mittels der Software „Cochlear Implant Planer“ (CIP, Version 1.3.7.3, 
Vanderbilt Universität, Nashville, TN, USA, [11], [12]). Innerhalb des segmentierten 3D-Datensatzes erfolgte anschlie-
ßend in der gleichen Software die automatische Trajektorienplanung. Die Trajektorie wird dazu über zwei Punkte, dem 
Eintrittspunkt ti, in die Scala tympani der Cochlea (Cochleostomie) und einem Punkt ei in der Ebene des Recessus facia-
lis, definiert (siehe Abb. 1). Die Koordinaten der beiden Punkte ti und ei wurden im Koordinatensystem des DICOM-
Datensatzes gespeichert.  
 

Abb. 1: Schnittbild eines segmentierten Datensatzes mit geplanter Trajektorie. Die Punkte ei Recessus facialis und ti 
Cochleostomie definieren den Trajektorienverlauf zur Schädeloberfläche. 
 
2.2 Fußpunktplanung 
 
Der jeweilige Datensatz wurde anschließend in die eigens entwickelte Software CASPER (Version: RJ_0.2-34, MHH) 
geladen, um dort zulässige Bereiche am seitlichen Schädel für die Knochenverankerung zu bestimmen (siehe Abb. 2). 
Dazu wurde in CASPER zunächst das Kranium über manuell eingestellte Schwellenwerte segmentiert, anschließend die 
Knochendicke automatisch bestimmt und in einer farbcodierten 3D-Darstellung visualisiert [13]. Die Software erlaubt 
anschließend das manuelle Setzen von Punkten auf der Schädeloberfläche und die Ausgabe der Koordinaten. 
Die in Bezug auf statische Bestimmtheit ideale Form der Knochenverankerung ist eine Dreipunktauflage. Dafür wurden 
zwei grundlegende Verankerungskonzepte in Betracht gezogen. Das erste Konzept beruht auf einer Befestigung mittels 
drei einzelner Knochenschrauben und wird im weiteren Verlauf als Trifix bezeichnet. Da der Trifix mit drei Knochen-
schrauben am Kranium befestigt wird, wurde, basierend auf Vorerfahrungen, die maximale Einschraubtiefe auf 4 mm 
festgelegt [4]. So zeigten vorab durchgeführte Ausreißversuche von Knochenankern an Kunstknochen und Humanprä-
paraten, dass bei einer Einschraubtiefe von 3,6 mm mit einen medizinischen HA2 Gewinde die durchschnittlichen Las-
ten bei 300 N im senkrechten Fall liegen [14]. Dies entspricht ebenfalls der Einschraubtiefe der Knochenschrauben des 
Microtables, welcher sich in seiner Standfestigkeit auf dem Kranium durch gute Ergebnisse bewährt hat [3], [4]. 
Das zweite Grundkonzept für die Befestigung des Rahmens nutzt drei Stützfüße (Pins) und eine Zentralschraube, mit 
der das Trägersystem gegen die Schädeloberfläche verspannt wird. Dieses zweite Befestigungskonzept wird nachfol-
gend als Laterofix bezeichnet. Da bei dem Laterofix nur eine Knochenschraube zur Anwendung kommt, wurde aus Si-
cherheitsüberlegungen deren Einschraubtiefe erhöht und auf maximal 5 mm festgelegt. Auch die Befestigung mittels 
einer Konchenschraube erfordert eine Analyse des Bauraums, da sich die mögliche Stelle für einen Knochenanker bei 
einer maximalen Einschraubtiefe von 5mm auf bestimmte Areale beschränkt (siehe Bild 2ab). 
Für jeden möglichen Fußpunktbereich des Trifix und des Laterofix wurden jeweils zehn Punkte auf die Oberfläche des 
lateralen Kraniums manuell gesetzt und als (10×3) Matrix Mi-Mastoid, Pi-posterior, Si-suprahelical und Li-Laterofix für 
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jeden Datensatz gespeichert. Zuletzt wurde die vorab geplante Trajektorie zu dem Datensatz hinzugeladen und die Ein-
trittsstelle der Trajektorie an der Schädeloberfläche mit oi gekennzeichnet. 

Abb. 2: Fußpunktplanung mittels CASPER. a) Planung der Verschraubungspunkte (weiße Umrandungen) für den Tri-
fix, mit einer maximalen Einschraubtiefe von 4 mm. b) Planung der Verschraubung für den Laterofix (weiße Umran-
dungen) mit einer maximalen Einschraubtiefe von 5 mm. 
 
2.3 Registrierung und geometrische Modellierung 
 
Um eine Aussage über die interindividuelle Variabilität treffen zu können, wurden die Punktwolken Mi, Pi, Si und der 
Punkt ti für den Trifix sowie die Punktwolke Li für den Laterofix zunächst mit einer rigiden Koordinatentransformation, 
bestehend aus Rotation R und Translationselement T aufeinander registriert. Für die Registrierung wurde jeweils der 
erste Datensatz als Referenz für die Nachfolgenden genutzt. Die Registrierung erfolgte in zwei Schritten, so wurden im 
ersten Schritt die Schwerpunkte der Punktwolken aufeinander registriert. Im zweiten Schritt erfolgte die Feinregistrie-
rung mittels ICP-Verfahren (ICP = Iterative Closest Point) [15], implementiert in Matlab (R2011a, The MathWorks, 
Natick, MA, USA). Registriert (rigide) wurden mittels ICP- Verfahren die Punktwolken Mi, Pi, Si und der Punkt ti für 
den Trifix und zusätzlich Li für den Laterofix. Um Planungsdaten von linken und rechten Schädelhälften vereinen zu 
können, musste zunächst eine Seite an der Mittelebene (Medianebene) gespiegelt werden. Es folgte das gleiche Vorge-
hen über eine punktbasierte Grobregistrierung der Einzelschwerpunkte und einer Feinregistrierung mittels ICP-
Verfahren. Die Registrierung mittels ICP-Verfahren wurde nach der Spiegelung im Fall des Trifix mit den Punktwolken 
Mi, Pi, Si, ti und zusätzlich die Punktwolke Li für den Laterofix durchgeführt. 

Abb. 3: a) Ellipsoide um registrierte statistisch beschränkte Punktwolken der Dreipunktbefestigung mit Knochen-
schrauben (Trifix), wobei Mi, Pi, Si Verschraubungspunkte und oi, ti, ei Trajektorienpunkte darstellen. b) Ellipsoid der 
Dreipunktabstützung mit Zentralschraube (Laterofix) nach Registrierung und statistische Begrenzung. Für Einschraub-
tiefen bis 5mm. 
 

Anatomische Bauraumanalyse für knochenverankerte Mini-
Stereotaxiesysteme der lateralen Schädelbasis

M. Kluge et al.

311



Für eine bessere Einschätzung der konstruktiven Möglichkeiten wurden die oi-, ti- und ei-Bereiche unter Annahme von 
dreidimensionalen Normalverteilungen um 1.000 Punkte erweitert. Die Verteilungsparameter (Schwerpunkte und Kova-
rianzmatrizen) wurden dabei ausgehend von den gespiegelten und zueinander registrierten Punktwolken berechnet (De-
tails zu diesem Verfahren sind in [16] publiziert). Das erlaubt insbesondere eine bessere Einschätzung des sich ergeben-
den Schnittbereichs zwischen Mi und oi. Da vereinzelte Punkte der Punktwolken sehr weit außerhalb vom Schwerpunkt 
angesiedelt sind, wurden die Bereiche Mi, Pi, Si und Li unter Annahme der Gauß Normalverteilung auf 2 ∙ s 
(s = Standardabweichung der Daten) beschränkt. Das entspricht einem Konfidenzintervall von 95,4 % der Daten (siehe 
Abb. 3). Anschließend wurde eine ellipsoide Regression durchgeführt [17], um aus den registrierten Daten einen Bau-
raum für den konstruktiven Entwurf abzuleiten. Die Ellipsoide wurden als STL-Format exportiert und in Inventor Pro-
fessional (2013, Autodesk®, San Rafael, CA, USA) geladen (siehe Abb. 4a). Dabei gingen die Informationen aus dem 
Ursprungskoordinatensystem des Referenzdatensatzes der Registrierung nicht verloren, sodass die Punkte der mittleren 
Trajektorie und die Schwerpunkte der Ellipsoide ebenfalls in Inventor geladen werden konnten. Da die Streuung der 
Trajektorienverläufe für die konstruktive Auslegung ebenfalls von Bedeutung ist, wurde diese mittels Inventor model-
liert und als Winkelfläche der Bauraumanalyse hinzugefügt. Die Steigung der Winkelfläche ergibt sich aus dem gemit-
telten Winkel der Trajektorienverläufe. Hierfür wurde jeweils der Winkel einer Trajektorie zur mittleren Trajektorie be-
stimmt und über alle Winkel der Mittelwert gebildet. 

Abb. 4: a) Aus Matlab im STL-Format exportierte Bauraumanalyse der Dreipunktbefestigung mit Knochenanker-
schrauben. Die Winkelfläche stellt den gemittelten Winkel der Trajektorienstreuung dar. Benötigte Arbeits- und Schnitt-
ebenen der Ellipsoide konnten den Daten der Registrierung entnommen und in Inventor modelliert werden. Die Schnitt-
punkte der Ebenen stellen jeweils die Schwerpunkte des Ellipsoiden dar. b) Ein Beispiel der Verifikation mit Punktrah-
men auf der Schädeloberfläche in CASPER. 
 
2.4  Verifikation 
 
Die sich aus den Schwerpunkten der registrierten Ellipsoide ergebenden, mittleren Fußpunktpositionen für die Kno-
chenanker wurden anschließend auf allen 20 CT-Datensätzen verifiziert. Dazu wurde CAD-gestützt, mittels Inventor 
Professional, ein sogenannter Punktrahmen (siehe Abb. 4b), welcher ein Ersatzobjekt für den späteren mini-
stereotaktischen Rahmen darstellt, modelliert und als Geometrieobjekt im STL-Format gespeichert. Diese Datei konnte 
anschließend, zusammen mit je einem Patientendatensatz, in CASPER geladen werden. Durch manuelles Positionieren 
des Punktrahmens wurde geprüft, ob die ermittelte mittlere Geometrie auch für den konkreten Patienten geeignet ist. Da 
der Bereich Mi (Mastoid) das kleinste mögliche Befestigungsareal darstellt, wurde dieser als Ausgangspunkt mit an-
schließender Positionierung der anderen beiden Punkte genutzt.  
 
3 Ergebnisse 

3.1 Bauraumanalyse 

Die sich durch die Analyse der anatomischen Variabilität ergebenden Ellipsoide stellen mögliche Fußpunktbereiche für 
einen zu konstruierenden Mini-Stereotaxierahmen dar. Der Bereich Mi zeigt eine große Schnittmenge mit der Punkt-
wolke des Eintrittspunktes oi. Dieser Umstand ist eine rein statistische Gegebenheit und würde aufgrund des anatomi-
schen Aufbaus des Felsenbeins so in der Praxis nicht auftreten. Durch die Beschränkung konnte die Überschneidung 
vom Bereich Mi mit der Einstichstelle oi verkleinert werden. Die Modellierung der Stützstellen für die Bauraumanalyse 
des Laterofix beruht auf den gleichen Fußpunktbereichen wie für den Trifix. Hinzu kommt der Verankerungsbereich Li 
für die zentrale Knochenschraube. 

312

14. Jahrestagung der Deutschen Gesellschaft für Computer- und Roboterassistierte Chirurgie e.V.



Die Abstände von der mittleren Trajektorie an der Einstichstelle oi bis zu den Schwerpunkten der Ellipsoide beträgt für 
oM  = 16,0 mm, für oP  = 47,2 mm, oS  = 39,5 mm und für oL  = 28,1 mm. Der Abstand von Schwerpunkt zu 

Schwerpunkt des Trifix beträgt für die Strecke MP = 47,5 mm, für die Strecke PS = 57 mm und für die Strecke  
MS = 54,5 mm. Der Li Ellipsoid besitzt ein großes Schnittvolumen mit der Pi Punktwolke. Wenn jedoch von den 

Schwerpunkten der Ellipsoide als essenzielles Konstruktionsmerkmal ausgegangen wird, ist die Schnittmenge als unkri-
tisch einzustufen, da der Abstand der Schwerpunkte LP = 19,7 mm beträgt. Die ellipsoiden Fußpunktbereiche haben, je 
nach anatomischer Lokalisation, sehr unterschiedliche Größen (siehe Tab. 1).  
 

Tab. 1: Maximale Abmessungen der Ellipsoide 
 

Ellipsoide Dicke [mm] Breite [mm] Länge [mm] 
M 9,3 21,4 29,5 
P 13,0 35,8 47,5 
S 6,1 33,8 44,5 
L 14,8 53,1 56,5 

 
3.2 Verifizierung der Fußpunktbereiche 

Es hat sich bei allen Tests gezeigt, dass es mindestens eine mögliche Stelle zur Positionierung der Grundstruktur gibt. 
Es kann jedoch vorkommen, dass der Pi-Punkt sowie der Si-Punkt des Ersatzobjektes dabei nicht im vorab geplanten 
Punktebereich liegen. 
 
4 Diskussion 

Im vorliegenden Beitrag wurde ein Verfahren vorgestellt, wie sich aus einer Fußpunktplanung (basierend auf einer au-
tomatischen Vermessung und Visualisierung der Knochendicke) in Kombination mit einer Planung des Zugangswegs 
eine statistische Auswertung der Variabilität der interindividuellen Anatomie durchführen lässt. Die Planung der Trajek-
torie ist dabei von der Güte der automatischen Segmentierung abhängig [18], [19], so dass ein minimaler Einfluss der 
Autosegmentierung auf die Bauraumanalyse und damit das Design des stereotaktischen Rahmens nicht ausgeschlossen 
werden kann. Da die Software jedoch bereits für klinische Studien zum Einsatz kam, ist eine ausreichend hohe Genau-
igkeit gewährleistet. Aus den Punktwolken wurden CAD-kompatible Daten erzeugt, die nun als Grundlage für den kon-
struktiven Entwurf des Mini-Stereotaxiesystems für die laterale Schädelbasis dienen. Motiviert war diese Untersuchung 
von der Bestimmung einer bestmöglichen mittleren Geometrie des knochenverankerten Systems und der Frage nach 
ggf. notwendigen Konfektionsgrößen, um einen möglichst großen Patientenpool später mit dem Verfahren operieren zu 
können. 
Es zeigte sich, dass bei der Fußpunktverifizierung keine Notwendigkeit von Konfektionsgrößen durch anatomische Ge-
gebenheiten besteht - vorausgesetzt, dass das Konfidenzintervall auf 95,4 % begrenzt wird. Jedoch ist der bisherige 
Stichprobenumfang begrenzt und muss, auch unter Berücksichtigung anderer Altersstufen, erweitert werden. Ausge-
schlossen in der bisherigen Untersuchung wurden Kinder und Jugendliche, die in Folgeuntersuchungen mit in Betracht 
gezogen werden sollten. Eine evtl. benötigte Anpassbarkeit der möglichen Rahmenkonstruktion, in Bezug auf die Fuß-
punktposition, ist durch dünnen Knochen in der Nähe der Si-Position ebenfalls nicht auszuschließen. Zusätzlich würde 
ein größerer Stichprobenumfang eine Optimierung der Fußpunktabstände ermöglichen, da er ein repräsentatives Abbild 
der Gesamtbevölkerung darstellt. 
Verifiziert wurde hier eine mögliche Rahmenform, die von den Schwerpunkten der Ellipsoiden abgeleitet wurde. Vor-
stellbar sind jedoch auch andere Rahmengrößen, die nicht zwangsweise an die Schwerpunkte gebunden sind. Solche 
konstruktiven Entwürfe müssten dann jedoch in erneuten Untersuchungen auf den CT-Daten verifiziert werden. Weiter 
sollte die hier gemittelte Geometrie mit zusätzlichen Datensätzen verifiziert werden. 
 
5 Zusammenfassung 

Dieser Beitrag zeigt das methodische Vorgehen einer anatomischen Bauraumanalyse für stereotaktische Rahmen an der 
lateralen Schädelbasis anhand einer Beispielanwendung der minimal-invasiven Cochleaimplantat-Versorgung. Die da-
mit erzeugten Geometriedaten der mittleren anatomischen Variabilität dienen als Grundlage für die konstruktive Ausle-
gung eines stereotaktischen Rahmens. 
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Abstract: 
 
We present a novel method to derive the surface distance of an osteosynthesis plate w.r.t. the patient-specific surface of 
the distal femur based on postoperative 2D radiographs. In a first step, the implant geometry is used as a calibration 
object to relate the implant and the individual X-ray images spatially in a virtual X-ray setup. Second, the patient-
specific femoral shape and pose are reconstructed by fitting a deformable statistical shape and intensity model (SSIM) 
to the X-rays. The relative positioning between femur and implant is then assessed in terms of the displacement between 
the reconstructed 3D shape of the femur and the plate. We believe that the approach presented in this paper constitutes 
a meaningful tool to elucidate the effect of implant positioning on fracture healing and, ultimately, to derive load rec-
ommendations after surgery. 
 
Key words: 3d-reconstruction from 2d X-rays, statistical shape and intensity models, osteosynthesis follow-up 
 
 
1 Introduction 

The goal of this study is to derive the distance between an osteosynthesis plate and the patient-specific surface of the 
distal femur based on 2D radiographs. The offset between plate and bone directly influences the stability and stiffness 
of the osteosynthesis construct [1, 2, 3]. Its stiffness alongside muscle and joint forces in turn determines the amount 
and type of relative movements of bone fragments, and interfragmentary movement is crucial for the process of fracture 
healing. We therefore aim at studying the relationship between plate-to-bone distance and bone healing retrospectively 
using clinical data. Recommendations for load bearing and physiotherapy may, for example, be adapted based on pre-
cise knowledge about the plate position (location and orientation, clearance and inclination). If the distance between 
plate and bone differs significantly from an ideal offset in a larger cohort, navigation should be introduced into trauma 
surgery [4, 5]. The relative positioning between implant and femur is, however, infrequently assessed, because it typi-
cally requires Computed Tomography (CT) scans to derive the patient-specific femoral shape. CTs impose a relatively 
high radiation dose on the patient, come at increased cost, and are difficult to process due to artifacts near metal compo-
nents of the implant in the images. Instead, 2D-X-ray images in orthogonal planes are used in clinical routine to visually 
assess the alignment of bone fragments. 
 
In recent years, computer-aided methods have been proposed to reconstruct the patient-specific 3D shape of an anatomy 
of interest from one or few 2D radiographs [6, 7, 8, 9]. At least two X-ray images from different angles (e.g. coronal 
and sagittal view) are required in order to derive the correct scale of the anatomy. In addition, the position of the indi-
vidual X-ray sources and detector planes must be linked in a global coordinate system, assuming that the 3D position 
and pose of the anatomy of interest is not altered in between screenings. This can either be achieved by simultaneous 
screening in a bi-planar X-ray setup [7, 9] or by projecting a calibration phantom of known size together with the anat-
omy in consecutively generated X-rays [6]. The global X-ray setup is restored using point correspondences on the pro-
jected calibration object while keeping the relative positioning between phantom and anatomy fixed. 
 
We present a method to reconstruct the 3D shape, scale and pose of the femur and the fracture implant position and ori-
entation from 2D radiographs that are taken routinely for follow-up of osteosynthesis. Unlike previous reconstruction 
approaches, the method proposed in this work does not rely on simultaneous bi-planar imaging or custom designed cal-
ibration objects, but instead utilizes the known shape of the implant to derive the scale of the femur. A-priori statistical 
knowledge about the shape and bone-interior density distribution is applied to extrapolate the bone over fracture regions 
and in case the implant overlaps with the femur in the reference images. The relative positioning between bone and im-
plant is assessed in terms of surface distance between the reconstructed femur and the reconstructed plate. 
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A normalized mutual information similarity measure is then applied to quantify the similarity between pairs of virtual 
X-ray images and the segmented reference image pair (femur-only). Pixels are excluded from the similarity evaluation 
if they are labeled by the mask defined in the preprocessing stage. The SSIM thus extrapolates over regions in the refer-
ence images that show the implant or the bone fracture. Once a suitable match is established, the process returns a tetra-
hedral grid which represents the femoral 3D shape as depicted in the 2D radiographs. 
 
Experiments 
We performed a preliminary cadaver study based on four pairs of distal femoral bones and two individual femora. The 
surrounding tissue was removed, then a standard locking plate (9-hole 4.5/5.0 LISS DF, Depuy Synthes, Zuchwil, Swit-
zerland) applied distally using seven locking screws (all distal options). A 10mm fracture gap model of the distal femo-
ral shaft was imposed and the plate was fixated using three screws proximally. Based on CT-scans of the fixated bone, 
Digitally Reconstructed Radiographs (DRRs) were generated in coronal and medio-lateral view in order to mimic clini-
cal X-ray images taken at a source-detector distance of one meter. The global X-ray setup was then derived as proposed 
using a CAD model of the implant. Afterwards, the 3D shape of the femur was reconstructed in the global X-ray setup 
using an SSIM from 18 CT training sets. The cadaveric bones were not contained in the training base of the statistical 
model.  
      
A surface model of the intact bone was registered to the CT data, which then acted as ground truth for evaluation. To 
assess the distance between implant and bone at consistent point locations, an ideal plate geometry was registered rigid-
ly to each reconstructed plate as well as the plates depicted in the CTs. The surface distance between the reconstructed 
bone surface (from SSIM) and the reconstructed plate as well as surface distance between the intact bone and the 
ground-truth plate were then compared to each other. In addition, the surface error between intact femur and recon-
structed femur was assessed after rigid registration of the reconstructed femoral shape to the ground-truth. 

3 Results 

Figure 2 exemplary shows the osteosynthesis from CT compared to the reconstructed femur and implant for case 1-L. 
The mean error in plate-to-bone surface distance over the whole plate is given for each case individually in Table 1. 
Root-mean-square-error (RMSE) remains ≤2.6mm for all tested cases, with an absolute mean deviation of ≤1.5mm. The 
span in deviation of individual nodes is highest for case 6-R, ranging from -5.4mm to +6.0mm. Unlike the ground-truth 
from CT, the 3D-reconstructions of cases 5-L and 6-R show the implant plate penetrating the reconstructed femoral sur-
faces, thus representing anatomically unrealistic osteosynthesis constructs. Excluding theses outliers yields an overall 
RMSE of ≤1.7mm and a mean error of ≤1.1mm, with a maximum error of ≤5.0mm. Further restriction of nodes to the 
mid-section of the plate results in RMSE ≤1.4mm, with the span ranging from -2.4mm to 2.9mm. 

Compared to the intact bone surface, the femoral surface is reconstructed with a mean error of ≤1.5mm and maximum 
error ≤5.4mm, excluding cases 5-L and 6-R. The two outliers exhibit a mean error of 1.8mm and 2.0mm respectively. 
 

Case 1-L/R 2-L/R 3-L/R 4-L 5-L/R 6-R 

RMSE 

[mm] 

1.5 / 1.2 1.3 / 1.5 1.7 / 1.2 1.36 1.9 / 1.7 2.6 

Mean 

[mm] 

0.1 / 0.8 0.3 / 0.8 0.6 / 0.2 0.2 1.5 / 1.1 1.5 

Max 

[mm] 

4.7 / 2.4 

 

4.0 / 4.3 

 

5.1 / 4.1 4.9  3.7 / 5.2 6.0 

Table 1: Error in plate-to-bone distance in mm between reconstructed plate/femur and ground-truth per case. Listed are 
the root-mean-square-error (RMSE) and mean error over all plate nodes (proximal, distal and mid-section of the osteo-
synthesis), as well as the maximum error. Cases 5-L and 6-R were treated as outliers, since the implant plate penetrates 
the femur (values highlighted in grey). 
 
 
 
 

2 Materials and Methods 

The method takes as an input a computer-aided design (CAD) model of the fracture implant, two X-ray images (e.g. in 
coronal and sagittal view), their corresponding pixel size and the distance between the X-ray source and scanner. CAD-
models for the individual implant type can for example be created manually or segmented from CT-scans of the respec-
tive implant. The pixel size and the source-detector distance are typically standardized and recorded in the DICOM-
header of digital scans. If not available, the source-detector distance can be tape-measured at the X-ray device for a giv-
en field-of-view. 
 
The patient-specific shape and pose of the femur and the pose of the implant are estimated in three steps. First, the X-
ray images are preprocessed in order to extract the outline of the implant/femur and to mask surrounding structures that 
are not reconstructed. In a second step, the known implant geometry is registered to each radiograph separately in 3D 
space. Based on the transformation of the implant in individual X-ray setups, a global setup is computed that relates the 
images spatially in a single coordinate system. The third step then consists of the computer-aided 3D-reconstruction of 
the patient-specific femoral shape in the global X-ray setup. 
 
Preprocessing 
In the preprocessing stage, one reconstruction mask and two segmentations are derived per X-ray image. The mask la-
bels pixels that overlap with the implant, show the fracture gap, surrounding tissue or X-ray artifacts. The segmented X-
ray images depict only those structures that are within the outline of the femur or implant (implant-only/femur-only). 
The rationale behind masking and segmenting the images is to enhance the robustness of the reconstruction. Infor-
mation is removed that is not contained explicitly in the 3D models applied in later stages. Although we currently pre-
process the radiographs semi-automatically, we believe that in future these steps can be performed fully automatically 
using available image-processing techniques. 
 
X-ray setup and implant pose 
Since the source-to-detector distance and the pixel sizes of the X-ray images are known, two virtual X-ray setups can be 
derived by placing the X-ray sources arbitrarily in 3D space and assigning a virtual detector plane at the respective dis-
tance. The goal is to relate the two individual setups in a global coordinate system, such that the implant position is 
fixed and the implant viewed from two virtual cameras at the correct angle. For this purpose, the CAD model of the im-
plant is converted into a volumetric model by assigning a constant X-ray absorption property to all cells (e.g. to mimic 
the X-ray absorption of titanium). It is then registered rigidly to each segmented X-ray image (implant-only) using an 
intensity-based registration method [8]. The process returns a transformation matrix of the implant in the respective X-
ray setup. The global X-ray setup and implant pose are then derived based on the relative transformation of the implant 
between the individual setups (Fig. 1). 
 
 
 
 

 
 
 
 
 

 

Fig. 1: Two individual X-ray setups (left and center) are registered into a global setup (right) based on the transfor-
mation T0 and T1 of the implant (simplified by a bar). The camera translation and orientation in a setup is given by c, the 
dot illustrates the position of the virtual X-ray source (e.g. the camera origin) 

 
 
3D-reconstruction of the femur 
The reconstruction is performed by means of an iterative process, in which a deformable shape and intensity model is fit 
to a pair of X-ray images until the model’s 2D projection onto the X-ray planes matches the anatomy depicted in the 2D 
references. We make use of statistical shape and intensity models (SSIMs) of the femur that were generated a-priori 
from clinical CT-datasets using the method described in [8]. In each iteration, the SSIM is transformed and deformed.  
In accordance with the global X-ray setup, virtual 2D X-ray images are generated from the deformed SSIM instances, 
utilizing the bone density information from the statistical model.  
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A normalized mutual information similarity measure is then applied to quantify the similarity between pairs of virtual 
X-ray images and the segmented reference image pair (femur-only). Pixels are excluded from the similarity evaluation 
if they are labeled by the mask defined in the preprocessing stage. The SSIM thus extrapolates over regions in the refer-
ence images that show the implant or the bone fracture. Once a suitable match is established, the process returns a tetra-
hedral grid which represents the femoral 3D shape as depicted in the 2D radiographs. 
 
Experiments 
We performed a preliminary cadaver study based on four pairs of distal femoral bones and two individual femora. The 
surrounding tissue was removed, then a standard locking plate (9-hole 4.5/5.0 LISS DF, Depuy Synthes, Zuchwil, Swit-
zerland) applied distally using seven locking screws (all distal options). A 10mm fracture gap model of the distal femo-
ral shaft was imposed and the plate was fixated using three screws proximally. Based on CT-scans of the fixated bone, 
Digitally Reconstructed Radiographs (DRRs) were generated in coronal and medio-lateral view in order to mimic clini-
cal X-ray images taken at a source-detector distance of one meter. The global X-ray setup was then derived as proposed 
using a CAD model of the implant. Afterwards, the 3D shape of the femur was reconstructed in the global X-ray setup 
using an SSIM from 18 CT training sets. The cadaveric bones were not contained in the training base of the statistical 
model.  
      
A surface model of the intact bone was registered to the CT data, which then acted as ground truth for evaluation. To 
assess the distance between implant and bone at consistent point locations, an ideal plate geometry was registered rigid-
ly to each reconstructed plate as well as the plates depicted in the CTs. The surface distance between the reconstructed 
bone surface (from SSIM) and the reconstructed plate as well as surface distance between the intact bone and the 
ground-truth plate were then compared to each other. In addition, the surface error between intact femur and recon-
structed femur was assessed after rigid registration of the reconstructed femoral shape to the ground-truth. 

3 Results 

Figure 2 exemplary shows the osteosynthesis from CT compared to the reconstructed femur and implant for case 1-L. 
The mean error in plate-to-bone surface distance over the whole plate is given for each case individually in Table 1. 
Root-mean-square-error (RMSE) remains ≤2.6mm for all tested cases, with an absolute mean deviation of ≤1.5mm. The 
span in deviation of individual nodes is highest for case 6-R, ranging from -5.4mm to +6.0mm. Unlike the ground-truth 
from CT, the 3D-reconstructions of cases 5-L and 6-R show the implant plate penetrating the reconstructed femoral sur-
faces, thus representing anatomically unrealistic osteosynthesis constructs. Excluding theses outliers yields an overall 
RMSE of ≤1.7mm and a mean error of ≤1.1mm, with a maximum error of ≤5.0mm. Further restriction of nodes to the 
mid-section of the plate results in RMSE ≤1.4mm, with the span ranging from -2.4mm to 2.9mm. 

Compared to the intact bone surface, the femoral surface is reconstructed with a mean error of ≤1.5mm and maximum 
error ≤5.4mm, excluding cases 5-L and 6-R. The two outliers exhibit a mean error of 1.8mm and 2.0mm respectively. 
 

Case 1-L/R 2-L/R 3-L/R 4-L 5-L/R 6-R 

RMSE 

[mm] 

1.5 / 1.2 1.3 / 1.5 1.7 / 1.2 1.36 1.9 / 1.7 2.6 

Mean 

[mm] 

0.1 / 0.8 0.3 / 0.8 0.6 / 0.2 0.2 1.5 / 1.1 1.5 

Max 

[mm] 

4.7 / 2.4 

 

4.0 / 4.3 

 

5.1 / 4.1 4.9  3.7 / 5.2 6.0 

Table 1: Error in plate-to-bone distance in mm between reconstructed plate/femur and ground-truth per case. Listed are 
the root-mean-square-error (RMSE) and mean error over all plate nodes (proximal, distal and mid-section of the osteo-
synthesis), as well as the maximum error. Cases 5-L and 6-R were treated as outliers, since the implant plate penetrates 
the femur (values highlighted in grey). 
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2 Materials and Methods 

The method takes as an input a computer-aided design (CAD) model of the fracture implant, two X-ray images (e.g. in 
coronal and sagittal view), their corresponding pixel size and the distance between the X-ray source and scanner. CAD-
models for the individual implant type can for example be created manually or segmented from CT-scans of the respec-
tive implant. The pixel size and the source-detector distance are typically standardized and recorded in the DICOM-
header of digital scans. If not available, the source-detector distance can be tape-measured at the X-ray device for a giv-
en field-of-view. 
 
The patient-specific shape and pose of the femur and the pose of the implant are estimated in three steps. First, the X-
ray images are preprocessed in order to extract the outline of the implant/femur and to mask surrounding structures that 
are not reconstructed. In a second step, the known implant geometry is registered to each radiograph separately in 3D 
space. Based on the transformation of the implant in individual X-ray setups, a global setup is computed that relates the 
images spatially in a single coordinate system. The third step then consists of the computer-aided 3D-reconstruction of 
the patient-specific femoral shape in the global X-ray setup. 
 
Preprocessing 
In the preprocessing stage, one reconstruction mask and two segmentations are derived per X-ray image. The mask la-
bels pixels that overlap with the implant, show the fracture gap, surrounding tissue or X-ray artifacts. The segmented X-
ray images depict only those structures that are within the outline of the femur or implant (implant-only/femur-only). 
The rationale behind masking and segmenting the images is to enhance the robustness of the reconstruction. Infor-
mation is removed that is not contained explicitly in the 3D models applied in later stages. Although we currently pre-
process the radiographs semi-automatically, we believe that in future these steps can be performed fully automatically 
using available image-processing techniques. 
 
X-ray setup and implant pose 
Since the source-to-detector distance and the pixel sizes of the X-ray images are known, two virtual X-ray setups can be 
derived by placing the X-ray sources arbitrarily in 3D space and assigning a virtual detector plane at the respective dis-
tance. The goal is to relate the two individual setups in a global coordinate system, such that the implant position is 
fixed and the implant viewed from two virtual cameras at the correct angle. For this purpose, the CAD model of the im-
plant is converted into a volumetric model by assigning a constant X-ray absorption property to all cells (e.g. to mimic 
the X-ray absorption of titanium). It is then registered rigidly to each segmented X-ray image (implant-only) using an 
intensity-based registration method [8]. The process returns a transformation matrix of the implant in the respective X-
ray setup. The global X-ray setup and implant pose are then derived based on the relative transformation of the implant 
between the individual setups (Fig. 1). 
 
 
 
 

 
 
 
 
 

 

Fig. 1: Two individual X-ray setups (left and center) are registered into a global setup (right) based on the transfor-
mation T0 and T1 of the implant (simplified by a bar). The camera translation and orientation in a setup is given by c, the 
dot illustrates the position of the virtual X-ray source (e.g. the camera origin) 

 
 
3D-reconstruction of the femur 
The reconstruction is performed by means of an iterative process, in which a deformable shape and intensity model is fit 
to a pair of X-ray images until the model’s 2D projection onto the X-ray planes matches the anatomy depicted in the 2D 
references. We make use of statistical shape and intensity models (SSIMs) of the femur that were generated a-priori 
from clinical CT-datasets using the method described in [8]. In each iteration, the SSIM is transformed and deformed.  
In accordance with the global X-ray setup, virtual 2D X-ray images are generated from the deformed SSIM instances, 
utilizing the bone density information from the statistical model.  
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Fig. 2: Ground truth shape of the femur and implant from CT (left) of case 1-L and the 3D-reconstructed femoral shape 
and implant pose based on reference DRRs (right). 

3 Discussion 

A first evaluation based on DRRs shows that the surface offset between plate and femur is reconstructed with an RMSE 
of  ≤1.7mm and mean error of  ≤1.1mm. Previous work indicates a reduction in axial stiffness of the osteosynthesis 
construct by 24% when increasing the offset between plate and bone from 1mm to 3mm [3]. Further increasing the dis-
tance to 5mm significantly reduces the construct stability [1]. We therefore argue that a reconstruction accuracy of 1mm 
is sufficient to estimate the biomechanical behavior of the construct for practical use, such as deriving load recommen-
dations after surgery. 
 
For two outliers (5-L, 6-R), the implant penetrated the reconstructed femoral shape and the plate-to-bone RMSE as well 
as the femoral surface error are larger compared to non-intersecting cases. Overlaps between the implant plate and the 
femoral surface outside the fracture gap should be detected and avoided during reconstruction, since they can’t occur in 
a realistic clinical setting. In future work, we will introduce additional priors that prevent plate-bone intersections and 
thus further constraint the reconstruction process to anatomically meaningful outcomes. 
 
The RMSE reduces to 1.4mm in the midsection of the plate. This region is of particular interest for retrospective studies 
because the free plate working length (gap bridging plate length) in relation to the plate-to-bone distance in the midsec-
tion (close to the fracture) mainly determine the interfragmentary movement and therefore biomechanical behavior of 
the osteosynthesis [10, 11]. In the distal section of the implant, the mean and maximum error were slightly higher com-
pared to the proximal or distal section. We partly attribute this to the relatively small (18 datasets) and homogeneous 
training base of the statistical model that only allows for a coarse approximation of the condyles. 
 
The DRRs projected 3D-artifacts from CT due to the metal implant that are depicted as a “white mist” and “streaks”. 
Although real X-ray images are also prone to metal artifacts, we believe that the DRRs induced an additional error 
when reconstructing the femoral shape, since artifact regions had to be masked that are normally preserved in clinical 
radiographs. This is especially true for the distal region of the femur, where the fixation screws cover larger regions of 
the bone in the images. 
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We consider the implant geometry to be an adequate calibration object, since the predefined X-ray source and detector 
positions to generate the DRRs and the reconstructed global X-ray setup only deviated slightly (e.g. within few millime-
ter in position and few degrees in orientation). It will be future work to assess, how deviations in the global setup influ-
ence the overall reconstruction result from clinical images. 
 

5 Conclusion 

We developed a reconstruction method to assess the 3D-positioning of fracture fixation implants w.r.t. the patient-
specific femoral shape based on plain 2D radiographs. The method utilizes the known geometry of the implant as a cal-
ibration phantom and relates both images and the implant in a global X-ray setup. A-priori statistical knowledge about 
the 3D bone density is then used to derive the scale-correct femoral shape simultaneously from both reference images. 
 
The reconstruction method reproduces the distance between osteosynthesis plate and patient-specific femoral shape 
with sub-millimeter mean accuracy for most of the tested cases. We therefore believe that the approach is feasible for 
studying the relationship between plate-to-bone distance and bone healing retrospectively based on post-operative 2D 
radiographs only. Unlike 3D Computed Tomography scans, 2D X-ray images are taken routinely for osteosynthesis fol-
low-up. The proposed technique can thus be applied on clinically available data.  
 
Our future goal is to further automate the preprocessing stage and provide means for a fully automated assessment of 
3D implant positioning based on conventional 2D radiographs for retrospective studies and to predict the potential per-
formance of the implant after surgery. 
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Abstract: 
 
Access of medical image data for viewing or surgical planning tasks is currently restricted to dedicated workstations. 
Increasing computation power, graphical capabilities and interaction modes of modern mobile computing devices as 
well as the increasing adaption of medical doctors to their usage enables the creation of a new user experience when 
using medical image data. In this work an application based on a standalone mobile device in which data can be ac-
cessed and downloaded from a server is presented. Data can then be visualized and surgical planning performed. A 
technical evaluation of the established data processing pipeline as well all the modules of the application with multiple 
users was performed. Results demonstrate the feasibility of the data processing pipeline, visualization of two-
dimensional and three-dimensional medical image data and performance of surgical planning on a mobile device with 
a common hardware configuration. In addition, a usability study was conducted, revealing high usability of the func-
tions.  
 
Key words: Mobile devices, medical image data, surgical planning 
 
 
1 Motivation 

Viewing of medical image data and tasks based on it, such as surgical planning, are currently limited through restricted 
data access, because specialized software and dedicated workstations in hospitals have to be used. Rapid development in 
the area of mobile computing would enable data access outside this limited environment. Mobile computing devices 
have sufficient computational power, screen resolution, and an intuitive user interface to create a new and efficient way 
of presenting medical image data [1][2]. Increasing adaption of medical doctors to mobile computing devices supports 
the feasibility of using the later for the viewing of medical image data and for the performance of planning tasks. 
 
In this work, we evaluate the feasibility of using mobile devices for surgical planning tasks, which also implies the visu-
alization of two-dimensional (2D) and three-dimensional (3D) image data, demonstrated on an application tailored to be 
used with a standalone mobile device to which medical image data can be transferred remotely from a server. This al-
lows clinicians to visualize and manipulate the medical image data from home to office to emergency room, which po-
tentially increases the efficiency of the workflow in radiology and surgery.  
 
 
2 Materials and Method 

2.1 System overview 

 
An application for coherent two- and three-dimensional medical image data viewing and surgical planning on mobile 
devices is developed. The iPad was identified as the most appropriate mobile device, due to its high acceptance among 
doctors, graphical and computational capacity and the suitability for display of radiological image data [1], [3], [4]. The 
application is developed using the cross-platform game-engine Unity and inbound C# scripts. Three-dimensional ana-
tomical models and the representative two-dimensional images were received from MeVis Medical Solutions (Bremen). 
 
The proposed application consists of three main components: 
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Fig. 1 System Overview 
 
 
Data preprocessing and compression 
Preprocessing of the visualization data takes place on a webserver. This includes mainly the conversion of the file types 
to such readable by the mobile application, but i.e. also compression of file size can be performed. Preprocessed data is 
stored on the webserver. 
 
Data transfer 
3D models and planar medical image data are accessible from a webserver via wireless connection. The handling of pa-
tient data requires special measures to be taken with respect to data protection. Therefore, communication with the web-
server is run with the Hypertext Transfer Protocol Secure (HTTPS) with a 2048 bit security key. In addition, application 
users are split into groups, in which the availability of the data is defined. A registration procedure to enable the identifi-
cation of users is needed.   
 
To enable the user to choose in-app which data sets should be downloaded, the application retrieves information on 
which data sets are available on the webserver. In addition the user is informed out of app by push notification when a 
new data set is available. 
 
Application for Visualization and Planning 
3D models generated through image segmentation of medical images and subsequent meshing are displayed with de-
fined transparency in the 3D viewer interactively, which means the user can rotate the different models and zoom in and 
out on them by touch gesture. 
 
The application also provides a DICOM viewing module in which planar medical images originating mostly from CT or 
MRI scans can be visualized. Segmentation masks used to generate 3D models out of the displayed medical image data 
are displayed as transparent overlay on the viewed medical image. Each segmentation mask’s color matches the one of 
the generated 3D object. To allow for optimum viewing conditions, the user can adjust the mask’s transparency through 
a slider. For each medical image up to 32 segmentation masks might exist. The DICOM viewer also allows adjusting 
window level to obtain the optimal image contrast for the user.  
 
For resection planning, the user can draw a line representing the virtual cut on the liver. A plane indicating the plane 
generated through the cut on the liver is placed. The user is enabled to further adjust the plane’s position. When the posi-
tioning is confirmed, the plane is deformed towards the line indicating the virtual cut. Additionaly the plane’s defor-
mation can be further adjusted by the user. Finally, the virtual resection can be visualized and the volume of the resected 
parts is computed. The whole procedure was developed under taking into account existing procedures for liver resection 
planning. 
 
In the ablation planning module, the user can mark a tumour by a long stationary touch. An ablation needle is positioned 
with its ablation zone lying at the tumour center. The user can adjust the rotation of the needle and the size of the abla-
tion zone.  
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Fig. 2 DICOM viewer 

 
Fig. 3 Resection and ablation planning 

2.2 Evaluation 

 
Data preprocessing and compression 
The compression ratio was evaluated by comparing the data size before and after preprocessing.   
 
Data transfer 
Datasets of different size were downloaded from the webserver under different conditions. Therefore we used an iPad of 
4th generation (Model A 1460). We measured the required time to download data in 3G network (Orange) under sta-
tionary conditions (user was not moving) and in changing network hotspots in a train. Totally 7 different datasets with 
sizes ranging from 6.2 to 18.4 MB were tested once under stationary conditions and on two different days in changing 
network hotspots in a train. 
 
Application for Visualization and Planning 
A usability study was conducted to test the visualization module with 11 test users including 3 medical doctors perform-
ing or planning liver surgeries. The planning module was assessed qualitatively in terms of ease of use and computation 
capacity.  
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3 Results 

Data preprocessing and compression 
The raw DICOM data of one phase of a liver scan have a size of approximately 150MB. After compression, the data re-
quires 50MB of memory, which shows that a 33% compression rate was achieved. 
 
Data transfer 
Data sets of up to 20 MB memory size can be loaded using 3G network. The required time to load data ranged fro 0.5s 
to 10s per MB depending on quality of network connection. Under stationary conditions, download speed was 1.88 
MB/s (95% t-confidence interval 8.33 MB/s), whereas in the train it was 0.21 MB/s (95% t-confidence interval 0.21 
MB/s) respectively 0.11 MB/s (95% t-confidence interval 0.12 MB/s). The mean download speed for the 7 data sets was 
found to be significantly different  under stationary conditions compared to the measurement series in moving hotspots 
in a train with a resulting mean download speed of 0.11 MB/s. Between the two measurement series recorded in a train 
no significant difference was found and also between the measurement series under stationary conditions and the meas-
urement series recorded in a train which resulted in a faster mean download speed (0.21 MB/s) no significant difference 
was found. 
 
Application for Visualization and Planning 
For the visualization module a SUS (system usability scale) score of 86.6 points (t-confidence interval of 5.22) or trans-
formed usability ranking (TUR) of 98% compared to a total of 500 usability studies was reached. The SUS score meas-
ured with medical doctors (mean SUS = 79.2, 95% t-confidence interval 25.1, TUR = 86%, 3 testers) was significantly 
lower compared to other testers (mean SUS = 89.4, 95% t-confidence interval 4.1, TUR = 99%, 8 testers). In the quali-
tative evaluation of the planning module, sufficient computational capacity of mobile devices for the tested tasks could 
be shown. The ease of use of the developed module was also tested. No further instructions were needed to guide the 
planning tools, indicating that the module is intuitive to use for the users. 

4 Discussion 

Mobile devices hold great potential in medical imaging in terms of accessibility and portability of data. In this work, we 
present a novel iPad based application for accessing medical image data for liver surgery remotely and locally manipu-
lating the data including visualizing and performing surgical planning. By evaluating an available image viewing appli-
cation with extended DICOM visualization and surgical planning functions developed in this work, we show that mobile 
computing devices have good capabilities for viewing medical image data and performing surgical planning tasks in 
terms of computational power, display resolution and user interface. Their portability, accessibility to data and the com-
putational power creates a new way of medical data visualization and task processing, which shows a great potential for 
large scale clinical impact. 
 
Future work will focus on adding a volume rendering capability for the DICOM data as well as more tests with clini-
cians and a quantitative validation on the surgical planning module. 
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Abstract:

For risk analysis and planning of lung surgeries, thoracic surgeons use computed tomography (CT) images as major 
source of information. In planning oncological segment resections, the target segment has to be determined preopera-
tively. Since the borders of lung segments are not visible in CT images planning is difficult and inaccurate for certain 
tumor positions. Furthermore, multiple variations of the pulmonary branching structure of vessels and airways exist,
particularly on the level of branchings into lung segments. The intra-operative identification of the patient-specific 
branching structure is tedious and time consuming, especially during minimally invasive lung surgery where tactile 
control is missing. Computer-assisted modeling and visualization tackles these issues. Lung segments are computed and 
visualized to enable accurate and reliable risk analysis and planning of segment resections. The branching structure of 
vessels and airways is extracted to preoperatively provide fast and clearly recognizable information on the patient-
specific anatomy.

Key words: thoracic surgery, segment resections, VATS, lung segments, computer assistance

1 Objectives

CT images constitute the major source of information in today’s planning of lung surgeries. Thin-slice CTs provide ac-
curate information on the patient anatomy. But the 2D presentation in slice images does not correspond to the 3D scenar-
io in the operating room (OR). Thus, surgeons have to mentally transform the 2D data into the actual 3D scenario. A 
challenging task, especially if complex information is required as it is for lung segment resections and video-assisted 
thoracic surgery (VATS).
To date, computer assistance for lung surgery planning is rare in clinical routine and mainly restricted to research. [1]
analyzed the benefit of 3D visualizations of anatomical structures (tumors, pulmonary arteries and veins, airways, lungs, 
and lobes) for the planning of surgery on centrally located lung cancer. [2] presents lobe-specific visualizations for com-
puter-assisted metastasis surgery. It provides a portable 3D-pdf and is meant to be used in planning as well as for intra-
operative guidance. During the last years, publications have mainly concentrated on computer assistance for segment 
resections and for VATS. Computer assistance for VATS focusses on the 3D visualization of lung vessels and airways.
[3, 4] apply volume renderings for unseparated visualizations of the lung vessels (common visualization of pulmonary 
arteries and veins). Particularly on segmental level, the unseparated representation makes the differentiation between
structures and the easy perception of the relevant information difficult. [5] uses CT angiography for separate visualiza-
tion of arteries and veins which means higher radiation exposure for the patient. [6, 7] generate separate visualizations of 
arteries and veins by time-consuming interactive line tracings. For computer-assisted planning of segment resections, [5,
7, 8] report on using 3D visualizations of vessels and visualizations of safety margins around tumors. However, the lung 
segments are not visualized. Instead intersegmental veins are used as approximation of segmental borders which only 
provides a rough guess of the segment extent. [9] first proposes to visualize lung segments for precise planning of seg-
ment resections in combination with the visualization of safety margins around tumors. This work also analyzes the in-
ter-patient variability of the segment sizes which is most of all referred to variations of the bronchial branching structure 
from patient to patient. Furthermore, it elaborates on the feasibility of anatomical segment resection with respect to 
maintaining safety margins of adequate size. Fujifilm recently emerged with a commercial product on lung surgery plan-
ning (SYNAPSE® 3D workstation) comprising vessel, bronchial tree, and lobe segmentation and visualization. In re-
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search context [10] the workstation is also used for segment resection planning (computation and visualization of lung 
segments, visualization of safety margins). But unfortunately no information is provided on the accuracy of the segment 
computation method.
In risk analysis and planning of segment resections, the determination of the target segment to be resected is crucial. To 
minimize the risk of recurrence tumors are resected with a surrounding surgical safety margin. Recommendations for the 
size of the safety margin vary from 2 cm to the diameter of the tumor [11]. Thus, the safety margin includes a large 
amount of lung parenchyma that has to be resected in addition to the tumor. The target segment to be resected is the 
segment which ideally contains tumor plus safety margin. Also, a group of segments might have to be resected. Extended 
segmentectomies where segments are resected together with small parts of neighboring segments are also possible to en-
sure maintaining the required safety margin. However, the determination of the target segments is challenging since the 
borders of lung segments are not imaged in CT and since the size of lung segments varies from patient to patient [9]. It 
requires determination of the segment-specific location of tumors and, in addition, mentally adding the extent of the 
safety margin to the tumor size in all three dimensions. Thus, based on CT alone, only a rough guess of the target seg-
ment is possible. 
One of the drawbacks of VAT surgery in comparison to open surgery is the lack of tactile control. The size of a safety
margin around a tumor cannot be measured by hand. Furthermore, tactile control of the branching pattern of airways and 
vessels is not possible during VATS. The identification of the patient-specific branching pattern is indispensable during 
anatomical resections. During lobectomy (resection of one or two lung lobes) the lobar branchings of airways and ves-
sels have to be identified, and during segmentectomy (resection of one or several lung segments) the segmental branch-
ings have to be identified respectively. However, the branching structure of airways and vessels varies from patient to 
patient. Due to the complex geometry of the vascular and bronchial tree, preoperative accurate recognition of the specif-
ic structure in CT slices is extremely challenging, particularly for segmental vessels since it also requires distinguishing
between pulmonary arteries and veins. Rare branching structures bare the risk of intra-operative bleedings [12, 4].
This paper presents medical image computing and visualization methods that face the described issues and aim at im-
proving and facilitating risk analysis and planning of lung segment resections and VAT surgery. While the applied meth-
od for segment computation and the general idea of computer assistance for segment resection planning have been pre-
sented by the authors before [13, 9], this is the authors’ first detailed description of the provided functionality in the clin-
ical setting risk analysis and planning of segment resections and VATS, of their integration into a research prototype, and 
of the illustration of the benefit of the functionality for the aforementioned clinical applications on two clinical example 
cases.

Figure 1: Research prototype for segment resection planning including visualization of lung segments, tumors, and 
tumor-surrounding safety margins.
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Figure 3: Clinical case with of a tumor in the left lower lobe located on the border between basal segment group 
and segment 6 (left, middle) and visualization of the safety margin around the tumor (right).

2 Materials and Methods

In [6], a general overview of segmentation, quantification and visualization functionality for decision support, risk anal-
ysis and planning of lung surgeries has been presented. In this paper, the functionality specifically developed to support 
lung segment resections and VATS are described.
The methodology for lung segment resections essentially comprises the computation and visualization of lung segments. 
Furthermore, it provides the segment-specific visualization of tumor locations, the generation and visualization of safety
margins around tumors and the measurement of the distance between tumors and the segmental border and between tu-
mors and the segmental root (segmental branching of the bronchial tree into the respective segment). Figure 1 shows a 
screenshot of a research prototype that provides the described functionality.
The approximative computation of the lung segments uses a distance transform to the segmental branches of the pulmo-
nary arteries [13]. The border between two segments is positioned in the middle between the respective segmental 
branches of the pulmonary arteries. This approach corresponds to the computational determination of the segments of 
the liver that has been successfully applied for liver surgery planning for many years [14, 15]. The segmental pulmonary 
artery branches are used instead of the segmental bronchi branches that define the broncho-pulmonary segments, be-
cause they are better visible in CT than the bronchi in the lung periphery. Since the pulmonary arteries run in parallel to 
the bronchi, they constitute a good approximation of the course of the bronchi branches.

Figure 2: Visualization of the segmental branches of the airways (left) and the pulmonary arteries (right) of the right lung.
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To facilitate planning of minimally invasive lung surgery, three dimensional visualizations of the patient-specific branch-
ing structures of airways, pulmonary arteries and pulmonary veins are provided. Color-coding enables fast and clear 
recognition of the segmental or lobar structure at a glance. Combined visualizations of airways and vessels show how 
the structures are positioned in relation to each other. This information is important for the intra-operative identification
and surgical proceeding. Figure 2 shows the segmental branches of the airways and pulmonary arteries for the right lung.
The methodology has retrospectively been tested on clinical test cases for segment resections and VATS.

3 Results

The previous results on the benefit of the presented methodology for risk analysis and planning of segment resections 
and VATS are illustrated by two clinical test cases.
The first case exemplifies a clinical segment resection scenario where usage of the presented computer-based methods 
for risk analysis and planning of segment resections would have changed the surgical procedure. Figure 3 shows a pa-
tient with a tumor in the left lower lobe. The crucial question in preoperative planning was to decide between lobectomy 
(resection of the complete left lower lobe) and resection of the basal segment group (the three inferior segments of the 
left lower lobe) with preservation of segment 6 (the superior segment of the left lower lobe) which results in more re-
maining lung function to the patient. Based on CT images, the tumor was assessed to be clearly situated in the basal 
segment group. A resection of the basal segment group was performed. Postoperative computer-based visualizations of 
the lung segments and the safety margin around the tumor revealed that large parts of tumor and safety margins extent 
into segment 6 and to fulfill oncological principles a complete lower lobe resection would have been necessary to mini-
mize the risk of local recurrence. Only resection of the tumor-bearing segments provides optimal lymph node control. 
The extent of segment 6 had been underestimated in the conventional planning with radiological data alone. 
The second example illustrates a typical clinical case where the presented methods for VATS planning can reduce opera-
tion time and the risk of complications. A segmentectomy of segment 2 was performed for this patient. The vascular 
structure of the right upper lobe commonly shows a branching of the pulmonary artery of the right upper lobe into three 
segmental branches each of them corresponding to one of the three segments of the right upper lobe. The clinical case in 
Figure 4 also shows this branching structure. Segment 2 may have additional pulmonary arteries branching off directly 
from the interlobar artery. These branches are intra-operatively typically hidden by interlobar parenchyma or lymph 
nodes. The number of these additional branches of segment 2 varies between 0 and 2 and has to be carefully identified 
during segmentectomy of segment 2. The computer-based spatial visualization of the pulmonary artery provides sur-
geons with this valuable information on the patients’ segmental branching structure at a glance.

Figure 4: Visualization of the segmental pulmonary artery branches of the right upper lobe. Clinical case with a 
second arterial branch of segment 2.
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4 Discussion

For computer-assisted operation planning reliability and accuracy of methods is essential. Measuring the accuracy of 
methods for the determination of lung segments is not straight forward, because segment borders are not imaged in CT 
and can therefore not be used as reference structures. The only visible structures marking the border of segments are in-
tersegmental veins, and therefore, these structures were used for the evaluation of the presented segment computation
method provided in [13]. The evaluation is based on 11 multislice CT scans. The accuracy of the method is assessed by 
measuring the distance between the border of the computed segments and the course of intersegmental veins. The evalu-
ation shows a mean accuracy of the segment borders of 2-3 mm. To date, the presented segment computation approach 
is the only approach for which an evaluation by comparison to the course of intersegmental veins is provided.
In order to achieve high accuracy for the computed segments, a detailed pulmonary artery segmentation including small 
vessels is used within the segment computation method. Manual delineation is applied to a large extent for the artery 
segmentation. Interaction is also required for the generation of the pulmonary artery and pulmonary vein segmentations 
for VATS assistance. But here, fewer details are needed, because the visualization of the central branchings is sufficient. 
Airway segmentation is performed with an automatic method [16]. Interactive completion where necessary is possible.
In contrast to other publications, the presented methods for VATS assistance are based on standard contrast-enhanced 
multislice CTs from clinical routine. No angiography CTs or additional contrast-enhanced CTs are required.
The presented functionality for risk analysis and planning of segment resections provides surgeons with a reliable ap-
proximation of lung segments. The combined visualizations of segments, tumors and tumor-surrounding safety margins 
enable surgeons to more reliably decide on the optimal resection strategy (segmentectomy vs. lobectomy) and resection 
extent (determination of the target segment(s)). Precise resection extent planning is particularly important for patients 
with limited lung function or impaired cardio-pulmonary reserve who do not tolerate lobectomy. Here, the presented 
functionality can also be used to decide whether patients are operable or whether they should undergo a different thera-
py, as for example radiation therapy, instead.
The presented functionality for VATS assistance provides surgeons with reliable information on the patients’ vascular 
and bronchial structure at a glance. Spatial visualization and color-coded presentation allow fast and clear preoperative 
identification of the relevant branchings and their position in relation to each other. This is particularly important for the 
complex and highly varying structure of segmental branchings. Therefore, the time for operation planning and for the 
surgical procedure becomes shorter and the risk of intra-operative complications, as for example bleedings, is reduced.

5 Summary

CT-based computer assistance methods for risk analysis and planning of lung segment resections and VATS have been 
presented. Methods particularly comprise the computation of lung segments, the generation and visualization of safety
margins, and the visualization of patient-specific branching structures of pulmonary arteries, pulmonary veins and air-
ways. High accuracy was observed for the segment computation method during evaluation. The benefit of the presented 
methods for operation planning and risk analysis has been illustrated on clinical examples. The functionality offers more 
accurate and more reliable information for the determination of target segments, accelerates the identification of the pa-
tient-specific vascular and bronchial branching structure, and therefore reduces operation risks and time.
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Abstract: 
 
Die Nachsorge von Kopf-Hals-Tumoren (KHT) zielt bisher auf Therapiekontrolle, funktionelle Einschränkungen wurden 
in der Routine nicht standardisiert abgebildet. Die Entwicklung eines Fragebogens auf Basis des „Head and Neck core 
set“-Instruments der ICF, der als elektronisches System „OncoFunction“ (OF) in der Routine umgesetzt wird, war die 
Folge. Seit 07/13 wird in unserer Klinik OF genutzt. Im Rahmen einer aktuellen Zwischenauswertung wurde die Zahl 
der Fragebögen erfasst und eine Auswertung zu Teilnehmern, Nichtteilnehmern und Interventionen erstellt und mit ini-
tialen Ergebnissen nach Systemeinführung im zweiten Halbjahr 2013 verglichen. Es zeigte sich, dass es zu einer Nega-
tivselektion kommt. Patienten, die nicht an OF teilnahmen, benötigten häufiger Interventionen. Insbesondere wurden 
deutlich mehr diagnostische Maßnahmen bei einem Rezidivverdacht initiiert als in der Teilnehmergruppe. OF hilft, die 
Nachsorge von KHT zu fokussieren, Risikogruppen zu identifizieren und Interventionen gezielt einzusetzen. 
 
Schlüsselworte: Kopf-Hals-Tumor, Nachsorge, Tablet, Head and Neck Cancer 
 
 
1 Problemstellung 

Die Nachsorge von Kopf-Hals-Tumoren (KHT) zielt auf Therapiekontrolle und Erkennung von Rezidiven. Doch funkti-
onelle Einschränkungen durch KHT und die Behandlung konnten bislang in der Routine nicht standardisiert abgebildet 
werden. Erkrankungs- und therapieassoziierte funktionelle Probleme wie z.B. Schluckprobleme oder Probleme bei der 
Nahrungsaufnahme sind jedoch typisch.Da Patienten mit Kopf-Hals-Tumoren zudem häufiger psychische Komorbiditä-
ten aufweisen, welche mit reinen Lebensqualität-Fragebögen nicht isoliert betrachtet werden können, erscheint eine 
funktionsbasierte Tumornachsorge sinnvoll. Daher erfolgte durch die Gruppe um Harreus et. al. die Entwicklung eines 
Fragebogens auf Basis des „Head and Neck core set“-Instruments der International Classification of Function (ICF)1.Die 
Auswahl der relevanten Problembereiche wurde publiziert und basiert auf einer initial durchgeführten, multiprofessio-
nellen Befragung2. Im Rahmen einer Konsensuskonferenz wurden die entsprechenden Fragen und Messinstrumente aus-
gewählt. Große Teile des Fragebogens sind bereits validiert3. 
Die Umsetzung des Fragebogens, der in der täglichen Routine genutzt wird, erfolgt durch ein elektronisches System. Die 
Fragebeantwortung des Patienten erfolgt auf Tablet - Computern (Samsung Galaxy 10.1). Die erhobenen Daten werden 
auf einem stationären Server in unserer Klinik gespeichert und stehen zur sofortigen Ansicht für den Arzt zur Verfügung. 
Die Arztansicht zeigt die Problembereiche in einer Ampelvisualiserung an (Abb. 1). Der Arzt hat die Möglichkeit be-
sondere Aspekte im Krankheitsgeschehen zu erfragen und Bezug zu speziellen Problemen zu nehmen. Die Entscheidung 
ob und  welche Intervention stattfindet, obliegt immer dem Arzt nach dem Arzt-Patientenkontakt. Da es sich nicht um 
eine diagnostische oder therapeutische Anwendung handelt, sondern lediglich um ein eine Datenerfassung zur Visuali-
sierung von Problembereichen ist eine Zulassung der Software als Medizinprodukt nicht erfolgt. Die Übertragung der 
Daten findet in einem eigens hierfür eingerichteten, gesicherten Netzwerk statt. Nach Untersuchung des Patienten erfolgt 
die Beantwortung eines „Arztfragebogens“. Hier werden klinische Untersuchungsbefunde, Spättoxizitäten und durchge-
führte und veranlasste Maßnahmen (Interventionen) erfragt (Abb. 2). Diese Daten sind auch zu Zwecken der Dokumen-
tation sinnvoll nutzbar. Weiterhin liegt eine vergleichbare Datenbasis zu therapiebedingten und erkrankungsbedingten 
Funktionseinschränkungen vor. Dieses elektronische System konnte als „OncoFunction“ (OF) in der Routine umgesetzt 
werden und dessen Machbarkeit wurde im klinischen Alltag nachgewiesen4. Ziel ist die Verbesserung der funktionellen 
Nachsorge von KHT Patienten. Ob eine automatisierte Erfassung von Funktionseinschränkungen hierfür geeignet ist soll 
im Folgenden überprüft werden 
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Wir haben im Rahmen einer Zwischenauswertung die Zahl der Fragebögen erfasst und für 16.04.15 bis 10.06.15 eine 
Auswertung zu Teilnehmern, Nichtteilnehmern und Interventionen erstellt. Es erfolgte ein Vergleich zu Daten im Zeit-
raum 07/2013 bis 12/2013. Beide Zeiträume bilden die Arbeit mit OncoFunction ab, wobei der aktuelle Vergleich des 
Instruments nach Einführung im Jahr 2013, hinsichtlich der langfristigen Nutzung von Interesse ist. Es handelt sich um 
eine reine Beobachtungsstudie ohne Randomisierung. Die Anzahl der Interventionen wurde von uns als Surrogatmarker 
einer Bedürftigkeit hinsichtlich Aufmerksamkeit, Diagnostik und der Notwendigkeit von Hilfsangeboten gewählt. Inter-
ventionen stellen die Durchführung von diagnostischen Maßnahmen (Bildgebung, Panendoskopie, etc) sowie therapeuti-
sche Hilfsangebote (Psychoonkologie, Schmerzkonsil, Phoniatrievorstellung, Zahnklinikvorstellung etc.) dar. 

3 Ergebnisse 

Von 07/13 bis 06/15 haben 1575 Patientenkontakte OF im Rahmen der Nachsorge genutzt. Von 16.04.15-10.06.15 (B) 
haben 107 von 123 Patientenkontakte teilgenommen (87%). Vollständige Daten (mit Arztcheckliste) lagen in 83 Fällen 
vor (67%). Verglichen mit dem Zeitraum 07/2013 – 12/2013 (A), in dem das System eingeführt wurde (382 Kontakte, 
295 Patientenfragebogen (77,2%), mit Arztchecklisten 261 (68,3%)), zeigt sich eine Zunahme der Teilnahme (p<0,05). 
Auffällig ist, dass der Anteil der ausgefüllten Arztchecklisten nahezu gleich ist. In B wurden in der Teilnehmergruppe 24 
Interventionen dokumentiert (29%), bei den 16 Nichtteilnehmer 12 (75%). In A betrug die Zahl der Interventionen bei 
den Teilnehmern OF 123 (47,1%) und bei 121 Nichtteilnehmern 34 (29%). Gemeinsam ist beiden Zeiträumen, dass die 
Anzahl an Bildgebungen und Panendoskopien bei Patienten die nicht an OF teilnahmen deutlich erhöht ist. Im Zeitraum 
B lag die Anzahl der eingewiesenen Panendoskopien bei 25% während in der Gruppe der Teilnehmer dieser Wert ledig-
lich bei 3,6% lag. 

4 Diskussion 
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enten die besondere Aufmerksamkeit benötigen zeichnen sich nach unseren Daten oftmals durch eine Nichtteilnahme an 
OF aus. Andererseits wird vor allem bei Teilnehmern an OF der Blick auf funktionelle Aspekte wie Schluckfunktion und 
Sprechfunktion stärker in den Fokus gerückt. Der Einfluss auf die Langzeitprognose ist noch unklar. 
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Abstract:

Pressure is an essential parameter in the assessment of vascular pathologies. Scalar maps representing pressure may 
either be derived from Phase Contrast Magnetic Resonance Imaging (PCMRI) or from Computational Fluid Dynamics 
(CFD). In both cases, the data is represented as a scalar 3D image dataset. While display in 2D slices is trivial, a 
meaningful presentation in 3D is not straight forward. Established methods like Maximum Intensity Projection (MIP) 
or Minimum Intensity Projection (MinIP) are useful methods for the generation of images that highlight extreme values 
in the depicted volumetric data. However, they do not support the detection of relative changes from a reference value. 
In this paper we introduce an approach for the combined projection of minima and maxima in three-dimensional ren-
dering. It allows for fast apprehension of both, pathologically increased values as well as drops in the three-
dimensional pressure field. 

Keywords: Visualization, Pressure, 4D PC MRI, Aneurysm, Stenosis  

1 Problem 

Changes of flow related parameters such as pressure characteristics along the vessel course are of high interest for the 
assessment of vascular pathologies such as stenoses or aneurysms. In aneurysms, the pressure close to the wall is an 
important parameter, whereas in stenoses the relevance of the narrowing is assessed by the pressure drop it causes. An 
established method for the estimation of pressure at discrete points in the vessel lumen is the invasive measurement us-
ing catheters. As a non-invasive alternative without the need of catheterization, radiation or contrast agents, the compu-
tation of relative pressure fields based on 4D flow fields allows for a continuous representation of the pressure inside 
the vessel [1-3]. The input flow vector fields may result from 4D Phase Contrast Magnetic Resonance Imaging 
(PCMRI) or from Computational Fluid Dynamics (CFD). Hence, continuous relative pressure fields can be computed 
for measured as well as simulated blood flow. For the quick assessment of the pressure characteristics from these three 
or four dimensional data sets, meaningful visualizations play a major role. Both, relatively high and relatively low val-
ues with respect to a fixed reference value have to be shown at the same time.  
Typical techniques applied for the inspection of vascular structures are oblique or curved reconstructions (e.g., to visu-
alize the path of a winding vessel or duct), maximum intensity projection (MIP), minimum intensity projection (MinIP) 
and direct volume rendering (DVR). A whole field of research focusses on the visualization of blood flow using stream 
lines and similar techniques (see [4] and [5] for an overview). In Addition, scalar properties derived from vector fields 
such as velocity may be visualized with standard techniques to generate virtual angiograms ([6], [7]). However, there 
are only few publications that focus on the visualization of relative pressure. Rengier et al. used a parasagittal oblique 
multiplanar reformation of the 4D data set to show the relative pressure in the aorta [3]. They assessed the pressure 
course along the aortic arch, for which this visualization was well suited. If structures are more complex or warped, 
curved reconstructions may help to visualize the main structures better. However, not all vessels of interest may be vis-
ualized together, the projection suffers from distortions and the overall quality very much depends on the used center-
line extraction method. A three-dimensional visualization does not suffer from any of these restrictions. Furthermore, 
all values can be taken into account, not only those located on the reconstructed surface. MIP or MinIP are established 
techniques for the direct visualization of scalar fields. However, they only display one kind of extremum (either maxi-
mum, or minimum, respectively). Similarly, DVR allows for the direct visualization of three-dimensional data using 
transfer functions to assign colors to values of interest. While this would generally allow displaying the relative pres-
sure data, a quick assessment of the values is not possible due to the need of transparent transfer functions and the re-
sulting alternation of colors. 
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Therefore, we introduce a new method for the three-dimensional visualization of relative pressure values in volumetric 
scalar datasets. 

2 Methods 

We propose a combination of surface rendering with MIP and MinIP to effectively visualize both, minima and maxima 
of the pressure field inside the vessel lumen. Our method is outlined as follows: 

1. Trace the viewing ray starting from the front face of the vessel surface 
2. Sample pressure values along the ray 
3. Stop ray casting at the first back face 
4. Determine minimum and maximum based on sampled values 
5. Determine a color based on the minimum and maximum 
6. Display derived color on the vessel surface 

Basically, the steps 1-4 resemble MIP and MinIP rendering inside the vessel lumen. In the fifth step, the computed min-
imum and maximum have to be mapped to one color. For that, the stronger extremum is selected based on a user de-
fined reference pressure value: the extremum with the higher difference to the reference value is selected (see Figure 1). 
Finally, that value is mapped to a color. For that we use divergent color maps [8] since they are well suited for data that 
contains scalar values below and above a well identifiable reference value. The maps cover the whole range of the pres-
sure data. The neutral color is used for the reference value. Hence, the ramps above and below the reference value 
might not be equally sized. However, depending on the application, the ramps might be stretched to be equally sized. 
Furthermore, for 4D data the range of the color map is adapted to cover the value ranges of all given time points to al-
low for better comparability of the displayed frames.  

3 Results 

We implemented the proposed approach as a variant of ray casting in MeVisLab [9] using the integrated shader pipeline 
for volume rendering [10]. The resulting shader is applied to a polygonal representation of the vascular structure. An 
additional DVR of an anatomical data set is optionally available to provide contextual information. The visualization 
can be rotated interactively and the various time points available in the pressure field can be played back automatically 
or manually. The method shows all extrema at once. Only if multiple strong extrema are projected onto the same pixels, 
information may be hidden. A rotation of the camera reveals the hidden extrema however. 
The method was integrated into the MEVISFlow software [11] for assessment of MR flow images. Pressure fields are 
calculated from 4D PC MRI measurements utilizing the method by Meier et al. [2], which has been clinically validated 
through comparison with invasive catheter measurements [12]. The pressure value at a user-defined reference point on 
the vessel centerline is used to derive relative pressure values by offsetting the pressure field accordingly. Hence, the 
resulting relative pressure field contains negative and positive values and 0 is used as the reference pressure value for 
the visualization.  

Figure 1: Ray traversal for two 
rays (the grey curve depicts the 
pressure values): For the top ray 
profile, the difference between 
the maximum (red dashed curve)
and the reference value (green 
line, 1.0) dmax is higher than the 
difference dmin between the 
minimum (blue dashed curve) and 
the reference value. Hence, the 
maximum  is mapped to a color
of the color map. For the lower
ray, dmin is greater than dmax. The 
output color is selected based on 
the minimum in this case.
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When inspecting stenoses, the reference point is placed at the beginning of the narrowing. For the assessment of aneu-
rysms, a healthy vessel section is chosen. Figure 2 shows visualizations of pressure calculations performed on 4D PC 
MRI measurements of patients with aneurysms in the aorta.  Phenomena such as vortices and jet-induced high wall 
pressures are clearly assessable. 
Another application area is shown in Figure 3. This dataset represents 4D PC MRI measurements of blood flow in the 
cranial arteries as suggested by Schrauben et al. [13]. Here, the method is used on the one hand to assess the pressure in 
a cranial aneurysm. On the other hand a stented carotid artery is examined in order to check the pressure gradient along 
the diseased vessel section.

Figure 2: Pressure distributions in two cases with aneurysms in the aorta. Starting from timepoint 2 pressure drops
become visible at narrowings in the aortic arch. In timepoint 3 and 4 the relatively high pressure at the aneurysm wall 
and the drop in the corresponding vortex can be easily recognized in the upper case. The lower case does not present
comparable pressure values at the aneurysm wall.
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Figure 3: Pressure distribution in the internal carotid arteries of a patient with one stented artery and an aneurysm on 
the other side. The displayed scene gives a quick overview of the pressure drop in the aneurysm (front) as well as the 
normal pressure distribution in the stented artery (in the back).  

Figure 4: Analysis of the pressure distribution in a young patient with a congenital stenosis of the aortic isthmus based 
on 4D PC MRI data (left) and after stenting simulation (right). The curves show the corresponding pressure values along 
the displayed centerline. It is clearly visible that the pressure gradient is smoothed out after stenting simulation. 
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Furthermore the proposed visualization method is used in the context of treatment planning for coarctation of the aorta. 
The pressure gradient is the most important hemodynamic parameter for clinical assessment here. The clinician has to 
assess the pressure drop at the stenosis to decide if an intervention is necessary. This is done using the new visualization 
in conjunction with a plot of the pressure values along the centerline. Once a decision has been made in favor of the 
treatment, virtual stenting is carried out as described by Neugebauer et al. [14]. The hemodynamics resulting from the 
modified vessel morphology are calculated utilizing CFD. The pressure field can now be derived in the same way as 
before. To compare this virtual post-stenting pressure field with the original pressure distribution, the proposed method 
is used again: both geometries are displayed next to each other with the pressure extrema projection applied to them. 
This is complemented by a plot of the pressure values along the centerlines in both scenarios (see Figure 4).  
The visualization technique has been used by three German hospitals for the assessment of aortic coarctation as well as 
the assessment of the pressure distribution at the aortic valve [12, 15].  The visualization was especially appreciated for 
the quick overview of the intravascular pressure distribution. 

4 Discussion 

Our method is especially suited to generate an intuitive overview of the intravascular pressure distribution. Since the 
colors of the color table are used unaltered, it also allows for a good judgement of the presented values. The application 
to clinical datasets of aneurysms showed that the suggested presentation enables a quick assessment of the pressure dis-
tribution with regard to vortex cores and the aneurysm wall. It can easily be used in conjunction with overlays on MPRs 
for an exact inspection of pressure distribution. The quick apprehension of extreme (often pathological) values enables 
a fast placement of the MPRs for the detailed inspection of the local pressure distribution. Furthermore, for aneurysm 
assessment, an additional overview of the pressure distribution on the vessel wall might be of value and should be in-
vestigated in the future.  
The application in the quick assessment of pre- and post-interventional pressure distribution in stenoses of aorta and 
cranial vessels also allowed for a quicker apprehension of the overall situation than with conventional MPR methods.  
In  combination with a quantitative analysis of the pressure distribution along the centerline, as shown in figure 4, our 
method is a promising alternative to catheter-based pressure analysis, which is quantitative but does not provide an 
overview of the spatial pressure distribution. 
The described hiding of extrema might be problematic in very special cases. A strong minimum completely surrounded 
by a stronger maximum might not be revealed even if the camera is rotated. One possible solution to this problem is the 
modification of the reference value: an interactive adjustment allows to peel away layers of stronger extrema. 

5  Conclusion 

In this paper we presented a visualization technique for the inspection of relative pressure values in vascular structures 
and demonstrated the application for general flow characteristics assessment in stenosis and aneurysms. Furthermore 
the method was utilized to compare the pressure in pre- and post-stented vessels in the context of stent planning for aor-
tic coarctation. In addition to the discussed applications the method has high potential for other blood flow-related pa-
rameters. The method is a promising approach for diagnosis and treatment planning of vascular pathologies. However, 
the evaluation of the method is an ongoing process. 
Regarding the assessment of vascular pressure distributions future work will investigate combinations with exploration 
and visualization techniques in order to enable quantitative exploration of local pressure distributions e.g. around the 
heart valves as well as close to the vessel wall. 

6  Acknowledgements 

This work was funded by DFG-grant ME 3330/6-1. We want to thank Prof. Michael Markl (Northwestern University 
Chicago), Prof. Titus Kühne (German Heart Center Berlin), Dr. Marcus Kelm (German Heart Center Berlin), Prof. Oli-
ver Wieben (University of Madison Wisconsin) and Dr. Kevin Johnson (University of Madison Wisconsin) for provid-
ing us with image data and valuable advice. 

Three-dimensional Visualization of Relative Pressure in Vascular Structures C. Schumann et al.

Figure 3: Pressure distribution in the internal carotid arteries of a patient with one stented artery and an aneurysm on 
the other side. The displayed scene gives a quick overview of the pressure drop in the aneurysm (front) as well as the 
normal pressure distribution in the stented artery (in the back).  

Figure 4: Analysis of the pressure distribution in a young patient with a congenital stenosis of the aortic isthmus based 
on 4D PC MRI data (left) and after stenting simulation (right). The curves show the corresponding pressure values along 
the displayed centerline. It is clearly visible that the pressure gradient is smoothed out after stenting simulation. 
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