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Abstract: Background: Robotic liver surgery represents the most recent evolution in the field of
minimally-invasive liver surgery. For planning and guidance of liver resections, surgeons currently
rely on preoperative 2-dimensional (2D) CT and/or MR imaging and intraoperative
ultrasonography. Translating 2D images into digital 3-dimensional (3D) models may improve both
preoperative planning and surgical guidance. The da Vinci® robotic surgical system is a platform
suitable for the integration of multiple imaging modalities into one single view. In this study, we
describe multimodal imaging options and introduce the Robotic Liver Surgery Cockpit; Methods:
in-house developed software was used and validated for segmentation and registration to create a
virtual reality 3D model of the liver based on preoperative imaging. The accuracy of the 3D models
in the clinical setting was objectively assessed in 15 patients by measuring tumor diameters and
subjectively with a postoperative conducted questionnaire; Results: Implementation and
applicability of the 3D model in the surgical cockpit was feasible in all patients and the quality of
the 3D reconstructions was high in 14 (93%) of cases. Tumor diameters measured on CT and/or MR
imaging were comparable to automated measurements using the segmentation software and 3D
models; Conclusions: the 3D model was successfully incorporated in the robotic surgery console as
part of a multimodality imaging platform and aided the surgeon in planning and guidance of the
resection. Future studies should focus on further automation of 3D rendering and progress into
augmented reality.

Keywords: robotic surgery; liver surgery; multimodal imaging; image-guided surgery; virtual
reality; 3D

1. Introduction

In recent years, hepatobiliary surgery moved from open procedures to an increasing
number of minimally invasive approaches with robotic liver surgery as the most recent
evolution. [1,2]. Benefits of the robotic approach for liver surgery include reduced
intraoperative blood loss, fewer complications, lower conversion rates, and shorter length
of hospital stay [3-5]. In addition, the robotic surgical console can serve as a platform for
imaging integration. Since tactile and, sometimes, haptic feedback is lacking in minimally

Life 2022, 12, 667. https://doi.org/10.3390/1ife12050667

www.mdpi.com/journal/life



Life 2022, 12, 667

2 of 12

invasive resections, surgeons increasingly rely on additional preoperative and
intraoperative tools for surgical planning and surgical guidance prior to and during liver
surgery. Preoperative contrast-enhanced computed tomography (CT) and/or magnetic
resonance (MR) imaging are indispensable tools in diagnosing liver lesions. [6]. However,
these 2-dimensional (2D) preoperative diagnostic images acquired from CT and/or MR
scans have to be mentally translated by the surgeon into 3-dimensional (3D) to match 2D
scans with real 3D anatomy for adequate planning and guidance of surgical procedures.
The latter may be challenging because multiple vascular and biliary anatomical variations
exist in hepatic anatomy [7-9]. The success of surgical procedures is highly dependent on
the surgeon’s ability to mentally create a 3D reconstruction of the liver.

Segmentation of preoperative CT and/or MR imaging scans and subsequent
generated virtual reality 3D models may provide a clear visualization of the liver
parenchyma, tumors, vital anatomical structures, and the relation of the tumor(s) to these
vital structures. The applicability of 3D models was already described as early as 2010 in
open liver surgery for preoperative planning of liver resection and living donor
transplantation [10-13].

The role of virtual reality and augmented reality 3D models during robotic liver
surgery has only been described in small case studies [14-16]. Robot-assisted procedures
are especially suitable for the integration of multimodal imaging tools, since the surgical
console offers the option of running multiple software applications in parallel, with a
simultaneous view of the surgical field. The use of 3D reconstructions for the planning of
robot-assisted partial nephrectomy has been extensively studied in large cohort studies
and randomized trials with proven added value [17,18]. Specifically, for robot-assisted
liver surgery, data on the added value of virtual reality 3D, and integration with other
intraoperative imaging tools (e.g., ultrasound, fluorescence imaging) and models are
lacking.

In order to aid in preoperative planning, the line-up, and adequate port placement of
the robotic trocars and intraoperative surgical guidance, an in-house developed software
program was designed to create virtual reality 3D models of the liver based on
preoperative CT and/or MR imaging.

Here, we describe the creation and validation of in-house developed 3D modeling of
the liver, and we introduce the Robotic Liver Surgery Cockpit, a multimodality imaging
platform using intraoperative 3D liver modeling, ultrasound, and ICG-fluorescence
imaging, integrated into the robotic surgical console.

2. Materials and Methods
2.1. Development and Validation of the 3DeliverS Software

Anatomical structures from different imaging modalities were segmented, co-
registered, and combined into a patient-specific 3D model using an in-house developed
software application that was created in the MeVisLab framework (version 3.4.2 MeVis
Medical Solutions AG, Bremen, Germany). Each structure was segmented differently with
an automatic, semi-automatic or manual method. A co-registration method was applied
to anatomically align scans from different time-points or different modalities.

The liver was automatically segmented from CT scans by a deep learning approach
using a 2D U-net that was trained using the data from the LiTS Challenge. The trained
network can be used for liver delineation on a system with or without a GPU (CUDA 9.2)
using TensorFlow (version 1.10). All or a subset of axial slices were offered to the network,
after which the segmentation results were transformed into a contour. Any segmentation
mistakes in the contours could be easily manually corrected. If MR imaging was used for
liver segmentation, a number of contours were manually drawn and these contours were
subsequently automatically interpolated. All tumors were manually segmented by an
expert on every axial slice to ensure accuracy. The arterial, hepatic venous, and portal
venous vasculatures were semi-automatically segmented using a region-growing
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approach with one or multiple seed points that were placed in the base of the vascular
tree on the arterial, venous, and portal phase, respectively.

2.1.1. Image Registration Methods and 3D Modeling

An automatic 3D co-registration method (Elastix version 5.0, GitHub, San Francisco,
California, USA) was integrated in the application to be able to combine the segmented
structures from different scans or modalities. The segmented liver was used as a mask to
indicate the region of interest on which the advanced Mattes mutual information
similarity measure was applied to optimize the rigid registration approach. Optionally,
manual translations and rotations could be applied prior to the automatic refinement of
this initial co-registration.

The 2D contours with the segmentation results were converted into a volumetric
mask. With these 3D masks, surfaces of the segmented structures (liver, tumors,
gallbladder, arterial vasculature, portal and hepatic veins, vena cava and bones) were
extracted using a marching cubes approach. Triangles were generated for each voxel that
belongs to one structure, after which, these triangles were combined into one 3D surface.
These 3D models were visualized using ParaView (version 5.9.0, Kitware, New York,
USA) or the web version ParaView Glance (version 4.18.2, Kitware, New York, USA) by
converting the 3D scene into the vtkjs-format for visualization on a tablet or smartphone.

2.1.2. Validation

The software was validated using the commercially available NEMA-2012 PET
phantom (NEMA-2012). The NEMA-2012 phantom contains six spheres with a known
diameter, making it suitable for validation of segmentations in the 3DeliverS software. CT
scans of the phantom were already available and were acquired with the Philips Vereos
Digital PET/CT, Philips Eindhoven, the Netherlands. The in-plane resolution of the scan
was 1.17 mm x 1.17 mm with a slice thickness of 0.67 mm. All spheres were segmented by
two independent observers (AB and TO). Segmentation was performed by manually
delineating at least the smallest and largest axial contours, using a B-spline contour
algorithm. Interpolation was used to calculate all in-between contours. Subsequently, the
interpolated contours were manually checked to be located on the inside edges of the
spheres. Contours which were not located on the inside edges were manually corrected
by the observer, followed by recalculation of the interpolation. This process was repeated
until the observer was satisfied with the segmentation result. After segmentation, the
contours were converted into a 3D model. The largest axial diameter and 3D volume were
then extracted from 3DeliverS, and compared with the specifications according to the
manufacturer.

2.2. Implementation of 3D Rendered Models
2.2.1. Patients and Imaging

After completion of the validation tests, the software was used in a feasibility study
in 15 patients planned for a robot-assisted liver resection. The protocol for this study was
approved by the local institutional review board at Amsterdam UMC. No formal written
informed consent was required according to the institutional review board. Intraoperative
parameters, such as blood loss, operation time, and resection margin status from all
included patients were documented.

Contrast-enhanced CT scans were used in most cases to segment the liver and
tumor(s), and to delineate the hepatic and portal venous trees. For CT imaging, iodide
contrast medium was used, and the portal-venous phase was chosen for accurate
delineation of the liver, tumor(s), and hepatic and portal veins. Scan protocols and
resolutions varied between patients because CT scans originated from various referral
centers. In one patient, a four-phase contrast-enhanced CT was used for adequate
reconstruction of the hepatic arteries which was of specific interest in this case.
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Additionally, diagnostic contrast-enhanced MR imaging with gadoterate (Dotarem?®,
Guerbet Nederland B.V. Gorinchem, The Netherlands) or gadoxetate (Primovist®, Bayer
Medical Care B.V. Maastricht, The Netherlands) was used in three cases to delineate
tumor tissue, and in one case, a positron emission tomography (PET-)CT scan was used
to aid in tumor delineation because contrast-enhanced CT scans were acquired more than
four weeks prior to surgery. For all segmentations, the scan with the highest resolution
was chosen for tumor delineation. A schematic overview of the segmentation process and
implementation of the 3D model in the Robotic Liver Surgery Cockpit is provided in
Figure 1.

ST
Segmentation of the liver and tumor(s) ) Creating mask MRI and CT coregistration

Figure 1. Schematic overview of the segmentation process.

First, the liver and tumor(s) were segmented; subsequently, a mask was created.
When the segmentation of the liver and tumor(s) was performed on MR imaging, MRI
and CT co-registration was performed prior to the segmentation of the hepatic veins,
portal veins, and cava vein. Finally, after all structures were segmented, a virtual reality
3D model was created. The relevant structures were verified by the surgeon, after which,
the virtual reality 3D model was implemented in the Robotic Liver Surgery Cockpit.
Created with BioRender.com.

2.2.2. Clinical Measurements and Preoperative Planning

Segmentations were performed by ODB and AB, and were verified by an experienced
radiologist (MCB) and hepatobiliary surgeon (RJS). Tumor sizes in three planes, i.e.,
longest tumor diameters, were measured by an independent radiologist (RH), blinded to
the results of the tumor segmentation and 3D measurements. The longest diameter,
measured on either the axial, coronal or sagittal view, was chosen to compare to the major
axis measured using the 3D software. Longest tumor diameters on the 3D model were
calculated automatically in the ParaView software by selecting the bounding ruler filter
to measure the major axis diameter (i.e., the largest 3D diameter). Subsequently, the ‘2D’
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measurements were compared to automated measurements of the 2D contours in the axial
plane and to the automated measurements in the 3D reconstruction.

2.2.3. Intraoperative Multimodality Imaging Platform —The Robotic Liver Surgery
Cockpit

Intuitive’s da Vinci® surgical robot (Intuitive, Sunnyville, California, USA) contains
a platform enabling surgeons to visualize up to three screens (tiles) at the same time using
the integrated Tilepro software. In this study, we implemented the interactive virtual
reality 3D reconstruction of preoperative CT, MR, and/or PET-CT imaging. By switching
on the various tiles, the surgeon was able to simultaneously see the operation field, 3D
imaging, fluorescence imaging, and intraoperative ultrasonography (IOUS). All resections
were performed following the hospital’s standard of care procedure, using IOUS and
near-infrared (NIR) fluorescence with indocyanine green (ICG) as guidance for resection.
All patients received 10 mg of ICG approximately 24 h prior to surgery. During the
surgical procedure, the surgeon could easily switch views from the visible light operation
field to the ‘firefly’ mode (i.e., NIR fluorescence). NIR fluorescence was used for lesion
detection, resection planning, and resection margin assessment.

2.3. Questionnaire

After each surgical procedure, the surgeon was asked to complete a questionnaire to
score various items concerning the applicability and feasibility of the 3D reconstruction in
the da Vinci® surgical robot. The questionnaire consisted of the following five statements
and two questions: I. The 3D reconstruction helped me to accurately plan the operation
when compared to 2D CT or MR imaging. II. Localization of tumors was more accurate
using the 3D reconstruction compared to conventional 2D CT images. III. The quality of
the 3D reconstruction was high enough for clinical decision-making. IV. I could well
assess the proximity of tumors to important surrounding vital structures on the 3D
reconstruction. V. The performed surgical treatment was according to preoperative 3D
planning. VI. Which (vital) structures were inadequate? VII. In which aspect of clinical
decision-making was the 3D reconstruction most beneficial? Statements were scored in
the range: totally disagree, disagree, neutral, agree, totally agree, and questions were
answered by a predefined multiple choice.

2.4. Data Analysis

Validation data of the 3D rendering software was analyzed measuring the
interobserver variability using the Dice Similarity Coefficient (DSC), the volume-based
Dice Similarity Coefficient (vDSC), and the Degree of Similarity (DoS), where (v)DSC of
1.00 corresponds to a perfect overlap, and where a (v)DSC of 0.00 indicates no overlap. A
(v)DSC higher than 0.70 is considered to be a good interobserver agreement.

The correlations of measurements in the radiology workstation, automated
measurements in the 3DeliverS software, and automated 3D measurements were
calculated using the paired samples t-test. For follow-up data, means, medians, and
percentages were calculated.

All statistical analyses were performed using SPSS software Version 25.0 (IBM, New
York, USA). Statistical outcomes were significant when the p-value was lower than 0.05.

3. Results
3.1. Software Validation

To ensure the accuracy of our in-house developed segmentation software, we first
executed a validation study using the NEMA-2012 phantom. Except for two diameter
measurements, all measurements were in range of the actual sizes + margin of error
according to the NEMA-2012 specifications. Taking the in-plane resolution (1.17 mm x
1.17 mm) with a slice thickness of 0.67 mm into account, all measurements were well in
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range of the real-life dimensions of the NEMA-2012. Furthermore, an excellent
interobserver agreement was achieved. The DoS (within two pixel range) showed perfect
resemblance of the segmentations by the independent observers. The 3DeliverS software
showed accurate measurements of both volume and largest axial diameter. Both DSC and
vDSC showed high interobserver agreement (=0.87).

Only the largest axial diameter of sphere 6 from observer 1 (10.6 mm) and the largest
axial of sphere 1 from observer 2 (38.2 mm) were out of range of the NEMA-2012
specifications (Table 1). In addition, the largest axial contour was slightly overestimated
by the observers, probably due to the thickness of the sphere’s wall. The thickness is
smaller than the in-plane resolution, which makes it difficult to determine the true inside
edges of the filled spheres. The interobserver variability was larger in smaller spheres.
This might be caused by the voxel size relative to the size of the spheres. The upper and
lower edges of the smaller spheres were relatively difficult to visualize compared to larger
spheres.

Table 1. Measurements and interobserver variability of the segmentation results versus real-life
dimensions of the NEMA-2012 PET phantom.

Sphere 1 Sphere 2 Sphere 3 Sphere 4 Sphere 5 Sphere 6
NEMA-2012
Volume (mm3) | 26,522 +2151 11,494 + 1232 5575 + 761 2572 +227 1150 + 133 524 +79
Largest axial diameter (mm) | 37.0+1 28.0+1 220+1 17.0+0.5 13.0+0.5 10.0+£0.5
Observer 1
Volume (mm3) | 25,342 11,570 5230 2319 1215 522
Largest axial diameter (mm) | 37.4 28.1 22.3 17.5 134 10.6
Observer 2
Volume (mm?3) | 26,921 11,463 5874 2624 1188 521
Largest axial diameter (mm) | 38.2 28.5 22.3 17.7 13.5 10.4
DSC 0.96 0.95 0.92 0.88 0.90 0.87
vDSC 0.96 0.96 0.94 091 0.93 0.89
DoS 1.00 1.00 1.00 0.99 1.00 1.00

(v)DSC = (volume-based) Dice Similarity Coefficient; DoS = Degree of Similarity.

3.2. Implementation
3.2.1. Imaging Modalities and 3D Modeling

For all 15 patients, contrast-enhanced CT scans were available for liver and tumor
delineation. Additionally, diagnostic contrast-enhanced MRI scans were used in three
patients and PET-CT scan in one patient to delineate tumors.

3.2.2. Intraoperative Implementation of the Robotic Liver Surgery Cockpit

After several dry-lab tests, the 3D model was installed in the clinical surgical cockpit
available in the skills laboratory in our institution. At first, the 3D model was opened in
ParaView and connected to the Tilepro via a USB-c to DVI cable. A laptop was used to
navigate through the 3D reconstruction in the first 10 patients, for the last 5 patients, a
tablet mounted to the da Vinci surgical robot was used for more user-friendly and
intuitive navigation. The surgeon’s perspective of the multimodality imaging platform is
displayed in Figure 2.
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Figure 2. Surgeon’s perspective using the multimodality Robotic Liver Surgical Cockpit. (Left)
image showing a white light image of liver and tumor in segment 6/7; (Right) image showing the
near-infrared fluorescence overlay image of the tumor site in segment 6/7 in the upper panel;
intraoperative ultrasonography of the tumor in the lower left panel and the Virtual Reality 3D model
of the liver, tumor, and vital structures in the lower right panel.

3.2.3. Surgical Outcomes and Clinical Measurements

A total of 15 patients were included in the study. Patients were scheduled for a
variety of anatomic or non-anatomic robot-assisted liver resection. In these procedures,
there was no conversion to open surgery, and no intraoperative incidents occurred
according to the Oslo Classification of Intraoperative Unfavorable Incidents [19]. In one
patient, the tumor was judged to be non-resectable. Of the 15 patients, 13 patients had
colorectal liver metastases, 1 patient had intrahepatic cholangiocarcinoma, and 1 patient
had focal nodular hyperplasia. Of the 22 resected lesions, 21 were confirmed malignant
after histopathological assessment, and all malignant lesions were CRLM. Four (19%) of
21 malignant lesions had positive tumor margins (R1), whereas 17 (81%) were radical
resections (R0). Three out of four R1 resections were intentional vascular R1 resections
and showed positive ICG-fluorescence signal in the resection plane. Patient
characteristics, operation time, estimated blood loss, length of hospital stay, and resection
margin status are summarized in Table 2.

Longest tumor diameters on CT and MR imaging did not differ significantly (35.83
mm vs. 35.13 mm, respectively; p = 0.415) compared to the automated measurements of
the contours in the axial plane from in the 3DeliverS software. Furthermore, longest tumor
diameters were also comparable to automated major tumor axis measurements in the
ParaView software (35.83 mm vs. 36.65 mm, respectively; p = 0.70) (Table 3).

3.2.4. Questionnaire

The questionnaire was completed postoperatively for all 15 patients by the surgeon
performing the resection. Overall, the surgeon was highly satisfied with the 3D models in
14 out of 15 cases (93%). An overview of the Likert scale-based questionnaire is displayed
in Figure 3A. The portal vein and its branches, and the hepatic vein were missing in 5
(33%) cases and 3 (20%) cases, respectively, and were therefore the most frequent limiting
factor for clinical decision-making (Figure 3B). The proximity of the tumor to the hepatic
vein, tumor extension, and exact segmental location were the most frequent beneficial as-
pects of the 3D models (Figure 3C).
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B Inadequately rendered structures

= Portal vein (31%)
= Hepatic vein (13%)
= Hepatic artery (6%)

= None (50%)

® Tumor extension (22%)

= Proximity to portal vein (15%)
® Proximity to hepatic vein (26%)
® Proximity to the bile duct (4%)
® Exact segmental location (22%)

® Positioning of patient and trocars (7%)

= Proximity to the cava vein (4%)

Figure 3. Chart results of the Questionnaire. (A) Stacked bar chart of Likert scale Questionnaire
results displaying overall satisfaction with the 3D reconstructions used of the 15 patients in this
feasibility study. (I) the 3D reconstruction helped me to accurately plan the operation when com-
pared to 2D CT or MR imaging; (II) localization of tumors was more accurate using the 3D recon-
struction compared to conventional 2D CT images; (III) the quality of the 3D reconstruction was
high enough for clinical decision-making; (IV) I could well assess the proximity of tumors to im-
portant surrounding vital structures on the 3D reconstruction; (V) the performed surgical treatment
was according to preoperative 3D planning. (B,C) Pie charts of the two multiple choice questions of
the questionnaire displaying the most frequent inadequacies (B) and the most beneficial aspects (C)

of the 3D reconstructions.
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Table 2. Patient characteristics and clinical data.

Patient Characteristics

Age at surgery, median, (IQR) 64

Sex, No. (%)
Male 11 (73)
Female 4(27)

Histological diagnosis, No. (%)

CRLM 13 (87)
CCA 1(6.5)
FNH 1(6.5)
No. of target lesions (mean) 23 (1.5)
No. malignant lesions resected (mean) 21 (1.6)
RO (%) 17 (81)
R1 (%) 4(19)
Expected R1 based on ICG (%) 3(75)

Type of resection, No. (%)

Anatomic 5(33)

Non-anatomic 9 (60)

N.A. 1(7)
Operation time (min), median (IQR) 192 (135-263)
Estimated blood loss (mL), median (IQR) 200 (10-350)
Length of stay (days), mean (SD) 3(3.035)

Table 3. Longest tumor diameter measurements in conventional radiology working station, as seg-
mented in the 3DliverS software, and automated measurements in 3D model.

Longest Tumor Di- Mean Difference p-Value (95% CI) Correlation
ameter (mm) (mm)
On CT 35.83 0.696 0.265 (-0.565-1.956) 0.989 (p <
3DeliverS 35.13 0.01)
On CT 35.83 0.826 0.416 (—2.894-1.242) 0.973 (p <
3D measure- 36.65 0.01)

ment

4. Discussion

Surgeons benefit from additional tools for preoperative planning and intraoperative
guidance for robotic liver surgery. In this study, we successfully introduced the Robotic
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Liver Surgery Cockpit, a multimodality imaging platform including virtual reality 3D ren-
dered models created with the in-house developed 3DeliverS software.

The software validation experiment showed that segmentations and measurements
with 3DeliverS are in accordance with real-life dimensions as all measurements, of both
volume and largest axial contours, were in range of the NEMA-2012 dimensions + uncer-
tainty due to the CT resolution. In addition, the experiment showed that for clearly visible
spheres, the interobserver agreement is excellent with a DSC > 0.87, a vDSC = 0.89, and a
DoS = 0.99.

Subsequently, the segmented CT, MR, and PET-CT imaging of patients with both
malignant and benign liver lesions were successfully implemented as virtual reality 3D
models in the surgical console. Connecting various devices to Intuitive’s da Vinci surgical
console was very straightforward, thus making the techniques used in this feasibility
study accessible and easy to use for each robotic surgeon.

The segmentation of the liver and tumors was accurate when comparing longest tu-
mor diameters measured on CT and MR imaging, in the 3DeliverS segmentation software,
as well as in the 3D application. Although not significant, the automated measurements
in 3D were higher compared to those in a two-dimensional plane. This may be attributed
to the fact that tumors may have erratic growth patterns which are hard to measure in one
two-dimensional slice. The 3D measurements can also take non-orthogonal image planes
into account to obtain the largest diameter.

Moreover, results of the questionnaire clearly showed that the virtual reality 3D
model is user-friendly and aids the surgeon during various phases of the operation, sim-
ilar to previous reports of open liver surgery [10-13]. Preoperative planning with virtual
reality 3D models creates improved visualization of the exact location of tumors relative
to vital hepatic anatomy resulting in a change of positioning of the patients and robotic
trocars. Furthermore, the virtual reality 3D models are supportive in planning of the
parenchymal transaction based on extension of the tumors in liver parenchyma. Most
commonly, the segmentation of the portal vein branches were insufficient, making the
virtual reality 3D model less reliable in some cases.

In this study, all surgical procedures were conducted without intraoperative inci-
dents and intraoperative parameters were comparable to previous reports [2—4]. We re-
ported 19% R1 resections, however, three out of four R1 resections were intentional vas-
cular R1 resections, which have comparable reported outcomes to parenchymal RO resec-
tions [20].

Using this multimodal imaging approach consisting of a virtual reality 3D model,
IOUS and NIR fluorescence with ICG surgeons simultaneously have all preoperative and
intraoperative information at their disposal, potentially leading to shorter operation time,
a decrease in intraoperative blood loss, and improved patient outcomes [21,22]. Larger
cohorts and randomized trials in robotic partial nephrectomy have confirmed these find-
ings [17,18] but need to be investigated for robot-assisted liver surgery. Although both the
subjective and objective results from this feasibility study seem promising, larger case-
matched or randomized trials, with clear surgical endpoints (e.g., blood loss, length of
hospital stay) or oncologic endpoints (e.g., resection margin status, recurrence-free sur-
vival and overall survival) are required to examine whether preoperative planning and
intraoperative guidance using virtual reality 3D models in robot-assisted liver surgery
leads to change in surgical management and subsequently improves patient’s outcome.

Limitations

Several limitations should be addressed. First, due to the small sample size of this
feasibility study, and the absence of a control group, no statistical comparison could be
performed on intraoperative and postoperative outcomes. Second, CT and MRI scans
from various hospitals were used, therefore no rigid scan protocol was used leading to
high variability in quality and resolutions. For further development of the automatic seg-
mentation methods for the liver and intrahepatic structures a standardized CT and MRI
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contrast and scan protocol is required. In this study we implemented an interactive virtual
reality 3D model. Third, although rendering was adequate and feasible in the entire study
cohort, this application lacks real-time visualization. As a next step, focus should also be
put on the feasibility and applicability of augmented reality with the motion compensa-
tion for real-time planning and guidance using 3D overlays. These next steps may be chal-
lenging due to continuous movement of the liver and surrounding structures as a result
of patient’s respiration and the manipulation of the organ by the surgeon. Although sev-
eral case reports already described this technique, numerous developmental steps need
to be made before augmented reality can be implemented as a safe and reliable additional
tool during robotic liver surgery [14,16].

5. Conclusions

Segmentation and 3D modeling with in-house development of preoperative CT and
MRI scans is feasible, and the da Vinci surgical robot is a highly suitable platform for the
implementation of multimodal imaging of virtual reality 3D models, intraoperative ultra-
sonography, and ICG-fluorescence. Virtual reality 3D models may improve preoperative
planning, patient positioning, robotic trocar positioning, and intraoperative guidance.
Further developments and research should focus on improved automatic segmentation of
various structures, the clinical impact in terms of patients’ outcomes, and the role of real-
time augmented reality overlay imaging tools.
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