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Abstract

Purpose In this feasibility study, we aimed to create a dedicated pulmonary augmented reality (AR) workflow to enable
a semi-automated intraoperative overlay of the pulmonary anatomy during video-assisted thoracoscopic surgery (VATS) or
robot-assisted thoracoscopic surgery (RATS).

Methods Initially, the stereoscopic cameras were calibrated to obtain the intrinsic camera parameters. Intraoperatively,
stereoscopic images were recorded and a 3D point cloud was generated from these images. By manually selecting the
bifurcation key points, the 3D segmentation (from the diagnostic CT scan) was registered onto the intraoperative 3D point
cloud.

Results Image reprojection errors were 0.34 and 0.22 pixels for the VATS and RATS cameras, respectively. We created
disparity maps and point clouds for all eight patients. Time for creation of the 3D AR overlay was 5 min. Validation of the
point clouds was performed, resulting in a median absolute error of 0.20 mm [IQR 0.10-0.54]. We were able to visualize the
AR overlay and identify the arterial bifurcations adequately for five patients. In addition to creating AR overlays of the visible
or invisible structures intraoperatively, we successfully visualized branch labels and altered the transparency of the overlays.
Conclusion An algorithm was developed transforming the operative field into a 3D point cloud surface. This allowed for
an accurate registration and visualization of preoperative 3D models. Using this system, surgeons can navigate through the
patient’s anatomy intraoperatively, especially during crucial moments, by visualizing otherwise invisible structures. This
proposed registration method lays the groundwork for automated intraoperative AR navigation during minimally invasive
pulmonary resections.

Keywords Augmented reality - 3D point cloud - Registration - Video-assisted thoracoscopic surgery - Robotic-assisted
thoracoscopic surgery
Introduction

Lung cancer is one of the leading causes of cancer-related
mortality worldwide [1]. For clinical stage 1A non-small

= E. A.F. Mahtab cell lung cancer (NSCLC) with tumor size of two cm
e.a.f.mahtab@lumc.nl or less, segmentectomy procedure shows positive short-
| and long-term outcomes [2]. However, segmentectomy is a
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especially when combined with a video or robotic-assisted
thoracoscopic surgery (VATS/RATS) approach. To address
these challenges, the current expert consensus of the Euro-
pean Society of Thoracic Surgeons (ESTS) recommends
preoperative 3D reconstructions for preparing segmentec-
tomy surgery, particularly for tumor localization, recognizing
anatomical variations, and estimating resection margins [3].
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However, the intraoperative position and orientation of the
lung are completely different compared to the preoperative
insufflated lung, since the lungs are deflated and manipu-
lated by the surgeon to facilitate the operation. This altered
pulmonary state, together with extensive anatomical vari-
ations in bronchi and vasculature, makes it challenging to
predict the intraoperative location and relationship between
the broncho-vasculature and tumor.

Intraoperative augmented reality (AR) overlays can aid in
identifying structures and visualizing hidden structures, for
example by augmenting the surgical view with the preoper-
ative 3D model derived from a computed tomography (CT)
scan [4-6]. However, a major technical hurdle in facilitat-
ing intraoperative AR visualization is the registration (i.e.,
aligning) of deformable organs with the corresponding 3D
models. Image registration is the technique of aligning mul-
tiple images or 3D volumes to the same coordinate system
[7]. Registration is challenging due to the high deforma-
bility, limited visible contours and features, and often only
partially visibility of the organ during surgery [4, 5]. We
could potentially leverage surface-based registration using
an intraoperative point cloud, or anatomical landmark-based
registration with landmarks such as vascular bifurcations,
organ ridges, or shapes for 3D registration [4, 5]. Moreover,
the creation of an intraoperative point cloud or (automatic)
selection of landmarks is complex due to repetitive textures
and the lack of distinct image features [5]. Intraoperatively,
only a small part of the broncho-vascular anatomy is visible,
making partial to whole registration necessary. This process
is difficult to automate, as the small part of the anatomy
could fit the structure of the lung in many different ways.
For performing a pulmonary segmentectomy, the broncho-
vasculature is more critical than the lung parenchyma itself
compared to other deformable organs where AR overlays can
be applied [4-6], as it includes dissection and stapling of the
segmental bifurcations [3]. Registration could also be per-
formed manually and merged using video-mixing software
[6]; however, it is labor-intensive and an anatomical/technical
expert is required to perform the live registration updates of
the organ position.

In this work, we aim to assess the feasibility of creating
a dedicated pulmonary VATS/RATS AR workflow to enable
a semi-automated intraoperative overlay of the pulmonary
anatomy. Specifically, we have matched the preoperative 3D
segmentation derived from the diagnostic CT scan to the
3D point cloud derived from stereoscopic VATS and RATS
images. Registration is performed using a combination of
surface and anatomical landmark registration, using vascular
bifurcations. With the proposed AR technique, we expect to
optimally guide the surgeons applying the 3D models intra-
operatively. To our knowledge, this study represents the first
application of these techniques in the context of AR-based
pulmonary surgery.

@ Springer

Methods

This research was approved by the medical ethical com-
mittee of the Erasmus University Medical Center (MEC-
2023-0080). We created a stepwise workflow for applying
surface and anatomical landmark-based registration for cre-
ating AR overlays as shown in Fig. 1.

Patient population

We selected 4 patients undergoing segmentectomy and 4
patients undergoing lobectomy via VATS or RATS. Tumors
were located in different lobes; 3 right lower lobe resections,
2 right upper lobe resections, 2 left lower lobe resections, and
1 left upper lobe resection were included and recorded for
investigating the feasibility of our proposed workflow. All
included patients provided written informed consent.

Camera calibration

First, stereo camera calibration was performed of both the
VATS and RATS stereoscopic cameras (Fig. 1B) [8]. We used
a checkerboard with 9 x 7, 6 mm squared pattern to obtain
the intrinsic camera parameters of the stereoscopic image
pairs, presented as a reprojection matrix Q [9], including the
focal length f [pixels], principal point of the left camera (cyq,
cy)[pixels], principal point of the right camera cx» [pixels],
and the baseline length Ty:

1 0 0 —Cx1
0 1 0 —cy
0= 00 0 ¥ ey
1 x1—Cx
0 0 - Cxl xC 2
Image acquisition

Preoperatively for surgical planning, 3D mesh models were
created of the broncho-vasculature and tumor, using artificial
intelligence (Al) and semiautomatic segmentation (Fig. 1A)
[10]. Intraoperatively, images were acquired of a view on the
arterial segmental branches of the RATS (DaVinci 30° 3DHD
endoscope, Intuitive, Sunnyvale, CA, USA) and VATS (TIP-
CAMI1 Rubina 3D 4 K 30° endoscope, Karl Storz, Tuttlingen,
Germany) thoracoscopic cameras. Image acquisition was
performed using the Blackmagic Multiview 4 (Blackmagic
Design, Port Melbourne, Australia) and Elgato Cam Link
4 K (Corsair, Milpitas, CA, USA) (Fig. 1C, Fig. 2). The
VATS images needed an additional preprocessing step for
de-interlacing the even and odd rows and separate the left and
right eye images, using Python 3.9.12 [11]. All left and right
eye images were undistorted and rectified with the intrinsic
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Fig. 1 Overview of the proposed workflow for generating a preoperative
3D reconstruction, intraoperative 3D point cloud, and 3D AR overlay.
Initially, preoperative 3D segmentation is performed (A), and camera
calibration parameters are obtained through camera calibration for dis-
tortion and rectification of the left and right images (B, D). Stereoscopic
images are recorded (C) and a 3D point cloud is created of the visible

intraoperative surface, using the camera calibration parameters. Corre-
sponding key points were selected on both the preoperative 3D model
and the intraoperative 3D point cloud (E). Subsequently, the preop-
erative 3D model was registered onto the 3D point cloud. Finally, an
intraoperative AR overlay was created during VATS/RATS pulmonary
resection procedures (F). AR = Augmented Reality, VATS = Video
Assisted Thoracic Surgery, RATS = Robotic Assisted Thoracic Surgery

Fig.2 Recording setup. A We used the Blackmagic MultiView 4 and
Elgato Cam Link 4 k to record both the left and the right eye of the
stereoscopic camera simultaneously. B Intraoperative augmented real-
ity overlay using our proposed AR lung application. The overlay can

calibration parameters via the OpenCV package in Python
3.9.12 (Fig. 1D) [12]. The undistorted images were saved
and imported in MATLAB R2023b (The MathWorks Inc,
Natick, MA, USA) for point cloud creation and registration.

3D point cloud creation

A disparity map was created from the corresponding undis-
torted left and right images [13]. Subsequently, the 3D point
cloud was created by calculating the real-world 3D points and
depth of each pixel from the disparity map, using the intrin-
sic camera calibration parameters [14]. These 3D points are

be created onto the 3D point cloud of the operative scene with a slight
delay, allowing to be directly visualized via the TilePro application
during RATS procedures. RATS Robotic-assisted thoracic surgery, AR
augmented reality, VATS video-assisted thoracic surgery

combined with the left image for the color corresponding to
the 3D points and can be visualized in a 3D plot.

Initial registration

The preoperative 3D meshes of the arteries, veins, bronchi,
and tumor used for surgical planning were saved as sepa-
rate meshes (P(F,V)) with faces (F) and vertices (V). 3D
key points of visible bifurcations (kpreop) Were first manu-
ally selected on the preoperative 3D model using Slicer 3D
5.6.0 (Fig. 1E, Fig. 3A) [15]. The same number of corre-
sponding key points was selected on the intraoperative image,
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Fig.3 Applied key points using bifurcation landmarks on the preoperative model (A) and intraoperative image (B)

at the bifurcations of the visible arterial branches (Kinaop)
(Fig. 3B). These point pairs were used to calculate the opti-
mal rotation and translation matrices of the preoperative
3D model (moving) onto the intraoperative 3D point cloud
(fixed) [16, 17]. Finally, the intraoperative 3D point cloud
and transformed 3D mesh model were visualized together as
an AR overlay (Fig. 1F). For the RATS procedures, the AR
overlay could be directly visualized in the robotic console
using the TilePro application.

Feasibility

The 3D point cloud results were validated by measuring the
diameter of vascular structures on the 3D point cloud and
comparing them with the diameter of the corresponding ves-
sel on the CT scan. Moreover, the size of visible instruments
was measured on the 3D point cloud and compared with the
physical dimensions of the instrument. The median abso-
lute error of the point cloud measurements was calculated to
assess feasibility and accuracy of the 3D point clouds. The
landmark registration error was calculated as a root mean
squared distance (RMSD) between the intraoperative and
preoperative landmark sets. Furthermore, AR overlays were
considered successful if the intraoperatively visible bifurca-
tions of the preoperative 3D model were correctly aligned
to the corresponding branches visible during surgery. An
overlay was deemed unsuccessful if these bifurcations were
misaligned, for example the direction of the intraoperative
visible artery was different from the direction of the projected
branch, or if the preoperative 3D model was not matching
with the intraoperative anatomy.

@ Springer

Results
Camera calibration

We obtained the following two Q matrices for the VATS and
RATS stereoscopic camera pairs, respectively:

1 0 0  —988.53
o 1 o —s4698
Quas =4 o o 1432.8 |’

0 0 0.16406 0
10 0 —672
o1 0 52304
Qra1s =1 o 1013.3
0 0 025266 0

The 3D points of the calibration pattern were reprojected
back to the original 2D images, which resulted in the overall
mean reprojection error of 0.34 pixels for the VATS camera
(1080 x 1920 pixel resolution) and 0.22 pixels for the RATS
camera (1010 x 1264 pixel resolution).

Point cloud

With images from calibrated cameras, 3D point cloud sur-
faces were created, showing an adequate 3D model of the
surgical field (Fig. 4A, B, C, D). We were able to create
a disparity map and subsequent 3D point cloud surface of
the recordings of all eight patients’ artery bifurcations. Arte-
rial and venous diameters were measured and compared to
the diameters on the CT scan, and the thoracoscopic instru-
ments were measured and compared with their physical size.
The median absolute error between the actual and measured
values was 0.20 mm [IQR 0.10-0.54]. Next, initial rigid reg-
istration and overlay visualization were successful in five
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Fig. 4 Intraoperative view, 3D point clouds and 3D overlays A Intraop-
erative left-eye image of a patient undergoing a segment 7 resection via
RATS, B front view of the corresponding point cloud. C Intraoperative
left-eye image of a patient undergoing a right lower lobe resection via
RATS, D front view of the corresponding point cloud. E The arterial
bifurcations are correctly registered and labeled, the artery to segment
7 (A7), segment 8 (A8) and segment 9 (A9) are clearly visible. The
tumor is shown in yellow, and is located in segment 7. F The 3D point
cloud with overlay is rotated clockwise, the middle lobe arteries (A4
and AS5) are visible, the two main branches of A7 are clearly visible
below the intraoperative visible surface. A8 is directed towards the user
in this angle. A9 is directed inside the intraoperative view and therefore

out of eight patients, using 6 [range: 5—10] anatomical land-
marks on average, with a visibility of 4 [range: 3—6] arterial
bifurcations (Table 1). The landmark registration errors were
calculated, resulting in an average RMSD of 6.6 mm [range:
4.45-9.6].

The visible arteries were correctly identified and over-
laid onto the intraoperatively recorded image with the full
model of the artery, using our aforementioned registration

cannot be visualized fully on the intraoperative image. G The arteries
are shown transparently, and the bronchus is shown behind the artery
and intraoperative surface. The bronchus branches to segment 6 (B6),
the right middle lobe (B4 and B5) and basal bronchi (basal) are well
visible through the transparent artery surface. H Zoomed out overview
of the full preoperative anatomy (artery, vein, bronchus, tumor) with
respect to the intraoperative visible surface. Arteries are indicated in
red, veins are indicated in blue, bronchus is indicated with green, tumor
is indicated in yellow. Please refer to the Supplementary video for a
video of these intraoperative 3D point clouds and AR overlays. RATS
= Robot Assisted Thoracic Surgery, RUL = right upper lobe, RML =
right middle lobe, RLL = right lower lobe

method. Overlapping instruments together with insufficient
image quality (dirty camera lens, bloody image with limited
features) caused an unsuccessful registration for two patients.
When the image quality of the input image was insuffi-
cient, the point cloud did have a least limited defined surface
and more outliers, because of fewer distinguishable features
in the image, resulting in increased noise and outliers and
complicating adequate landmark selection and registration.

@ Springer
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Fig.5 Intraoperative 3D point cloud without accurate 3D overlay. A
Intraoperative point cloud of a patient undergoing bi-segmentectomy
of segments 1 and 3 of the RUL. Arteries to segment 1(Ala, Alb) and
segment 2 (A2a, A2b) are intraoperatively visible. However, parts of
the artery are not visible in the 3D point cloud, because of the instru-
ment (marked with *) and the vessel loop (marked with **) which are
in line of sight between the camera and the arteries. B 3D model of the
intraoperatively visible arteries (red). The tumor (yellow) and located in

Furthermore, when objects such as instrument, vessel loop, or
gauze obstructed the line of sight between the camera and the
artery, this made point cloud creation of the concealed struc-
ture impossible, and the resulting point cloud will include
gaps. Figure 5 shows an example of a failed 3D AR over-
lay, with gaps in the point cloud close to the artery (Fig. SA).
Moreover, the intraoperative anatomy is different as the angle
between the different arterial branches is decreased compared
to preoperatively (Fig. 5B, C). Additionally, the Al-based
segmentation had mislabeled an artery as a vein, making
registration unfeasible in one patient. Besides the intraop-
eratively visible arterial branches, we were able to visualize
and superimpose hidden structures (vein, tumor, bronchus)
onto the intraoperative images for these five patients. These
structures were visible underneath the surface of the intraop-
erative 3D point cloud (Fig. 4E, F, G, H). Besides creating AR
overlays, we were able to visualize branch labels and could
adjust the transparency for visualization of multiple overlap-
ping structures, for example, a bronchial branch underneath
the arterial branch (Fig. 4F). To avoid visual distractions, the
view could be cropped such that only the tumor and nearby
branches of the 3D model were shown, and it was possible
to toggle the visibility of individual 3D structures (tumor,
bronchus, artery, vein). Additionally, it was possible to zoom
out and show the full preoperative 3D model with respect to
the intraoperative 3D point cloud, providing the surgeon with
some contextual awareness (Fig. 4H). Using this visualiza-
tion technique, surgeons could see what is situated below the

@ Springer

segment 1. It is clearly visible that the angle between the Ala and A2b
arteries is much smaller intraoperatively, as the arteries are more or less
parallel, because manipulation of the RUL by the surgeon. C Inaccurate
3D AR overlay, as the A2a, A2b, Ala, and Alb are all parallel on the
intraoperative view; however, on the 3D overlay, A2a is directed into
the surgical field, A2b is directed toward the stereoscopic camera and
Ala is directing in an angle of the actual Ala. RUL right upper lobe

intraoperative surface (Supplementary Video). The creation
of these overlays currently took approximately 5 min, mak-
ing it feasible to run the algorithm with a slight delay during
the procedure.

Discussion

In this manuscript, we propose a method for developing an
intraoperative 3D point cloud from stereoscopic VATS and
RATS images. This method allows creating 3D models of the
intraoperative surface, with a median error of 0.20 mm. Using
these 3D point clouds, we were able to apply a registration
algorithm and create an accurate intraoperative 3D AR over-
lay of the visible arterial bifurcations onto the surgical field in
5/8 patient cases. Besides an overlay of visible bifurcations,
we could localize and visualize intraoperatively invisible
structures, such as the tumor hidden in the parenchyma, or
venous or bronchial branches hidden behind a visible artery.
Using these intraoperative models, the surgeons could be
guided through the surgery. This could potentially aid the
surgeons promptly identifying the arteries (to ligate or to
preserve) and locating the tumor.

Some limitations and software improvements were iden-
tified. Our method applies rigid registration for creating
accurate overlays of the lung hilum onto the intraoperative
field. However, the intraoperative deformation in the lungs
is non-rigid including both manipulation of the surgeons and
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Table 1 Included patient cases

Comment

Successful 3D AR

RMSE
overlay

# Visible branches [n] # Fiducials [n]

Surgical

Lobe

Surgery

Patient ID

[mm]

approach

Yes

5.833
9.602
6.173

VATS

RLL
LLL

Segmentectomy S8

Yes

10

RATS

Lobectomy

Distorted arterial anatomy

No

RATS

RUL

Bi-segmentectomy S1 and S3

+ overlapping
instruments

Nes

6.458

RATS

RLL
RUL

Segmentectomy S7

3D model and

No

RATS

Segmentectomy S1 and S2

intraoperative anatomy

unequal

Distorted arterial anatomy
+ dirty camera lens

No

4.459

RATS

LUL

Lobectomy

Yes

6.041

RATS

RLL
LLL

Lobectomy

Yes

8.071

RATS

Lobectomy

deflation of the lung. This anatomy difference between the
pre- and intraoperative situation caused a failed AR over-
lay in two cases (Fig. 5). We achieved a correct overlay for
the visible branches in five patient cases. Nonetheless, accu-
racy for structures or branches located further from the lung
hilum (i.e., more peripheral and distant from the intraoper-
ative visible surgical field) remains unknown and is likely
less accurate due to intraoperative deformations and col-
lapse. Rigid registration as proposed in this paper can be
applied for initial registration, after which non-rigid surface
registration is suggested including the intraoperative defor-
mations, and probably improving the registration accuracy
[18]. However, the high flexibility and collapse of the lung
make orientation and registration more complex than in other
deformable organs, such as the kidney or liver, where the
parenchyma could be used for surface registration. Further
research should focus on investigating the deformation of
the broncho-vasculature during this collapse and improve
dynamical pulmonary models potentially used as 3D input
for the registration [19]. Currently, visible bifurcations are
needed for intraoperative orientation and registration. Ideally,
surgeons would like to know where to target the dissec-
tion before opening and dissecting the tissue, to enhance
safety and efficacy. Applying a dynamic model of a col-
lapsed lung could improve the correspondence between the
pre- and intraoperative anatomy, and could potentially enable
parenchyma-based registration, visualizing hidden structures
before dissection of the vasculature. In this study, we con-
firmed that occlusion of instruments close to the registration
target can impede registration because of missing point cloud
data (Fig. 5). Recording clean images, showing as much as
the anatomical target as possible, without instruments in the
line of sight is essential [20]. Moreover, improving the dis-
parity map and 3D point clouds could also aid improving the
registration, by image preprocessing, noise reduction, and
removal of outliers [21]. Additionally, instruments can be
filtered out using Al algorithms [22], or algorithms account-
ing for missing information in the 3D point cloud could be
employed, such as super-pixel segmentation, combining pix-
els with comparable or continuous depths or applying Al
algorithms for endoscopic point cloud completion [23, 24].
Furthermore, in this study we presented the landmark
registration accuracy as RSMD, but this accuracy value is
not correlating with an adequate visible overlay, and we
showed that the landmark registration error can be signifi-
cant, while still having a an adequate intraoperative overlay,
and vice versa. In addition to deformations, the error includes
manually point selection inaccuracies, depending on point
visibility in both images; therefore, the RSMD is an unspe-
cific parameter for the quality of the registration [25]. An
alternative parameter should be used to assess the accuracy
and validate the registration. For example, the amount of
overlap between point clouds could be used [26]. However, an
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optimal validation method is yet to be discovered, as often no
ground truth exists in these type of registration problems [25,
27]. Moreover, an essential question for clinical implemen-
tation is determining the threshold for an acceptable overlay
accuracy, which is a topic not adequately addressed yet in
the current literature [18].

Ideally, the visualization of the AR overlays should be able
to be performed intraoperatively with no or minimal inter-
ruption of the surgical workflow. Currently, the workflow is
not yet real time, as creation of these overlays takes approx-
imately 5 min after recording of the intraoperative video.
To reduce the processing time, more automation of the reg-
istration method is needed, using automated detection and
registration of structures and bifurcation landmarks using
advanced Al algorithms [18]. Concurrently to automated
registration, dynamic tracking should be integrated and auto-
mated in the software for real-time marker-less tracking.
Techniques such as simultaneous localization and mapping
(SLAM) combined with iterative closest point (ICP) algo-
rithms, previously applied for kinect fusion [28] or thin-plate
splines (TPS) models, which have been applied for tracking
the heart motion in minimally invasive cardiac surgery [29],
could be adapted for the purpose of dynamic tracking.

For clinical implementation, a graphical user interface
(GUI) is crucial, enabling easy interaction and toggling vis-
ibility of structures. Surgeons could use it independently,
or during the implementation phase, a technician who is
also familiar with the intraoperative anatomy could assist
in performing the registration and displaying the AR over-
lay. Ultimately, this GUI will be fully incorporated into the
robotic surgical console or be applied while scrubbed in
(using a sterile tablet or hand tracking devices) [30]. Finally, it
is essential to assess the clinical applicability of the proposed
AR overlay method, by a validation study with increased
sample, quantifying system safety and overlay accuracy [27].
Moreover, the intraoperative utility should be assessed by
employing validated useability questionnaires, as well as the
effect on clinical outcomes and learning curves.

Conclusion

We proposed an algorithm transforming the operative field
into a 3D point cloud surface. On top of this 3D point
cloud surface, our method can adequately register and visu-
alize preoperative 3D models. Using this system, surgeons
can be navigated through the patient’s anatomy intraoper-
atively during crucial moments, by visualizing otherwise
invisible structures hidden underneath the surface. This
method is forming the foundation for automatically regis-
tered intraoperative AR navigation during VATS/RATS pul-
monary resections, highlighting the potential and feasibility
for developing intraoperative 3D-AR guidance for patients

@ Springer

undergoing VATS/RATS segmentectomy. Some improve-
ments for visualization and registration are suggested in this
paper. Clinical and technical validation of our proposed regis-
tration method for AR pulmonary surgery is mandatory prior
to clinical implementation.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11548-024-03308-7.

Acknowledgements We would like to thank Roan van Bakel, Cile van
Holthe, Maaike Pruijt, and Siebren van Vugt who aided during their
internships in this research. Finally, we would like to thank Hans van
Rhijn for his assistance and facilitating the camera calibration of the
VATS camera.

Author contributions All authors contributed to the study conception
and design. Material preparation, data collection, and analysis were
performed by Jette J. Peek. The first draft of the manuscript was written
by Jette J. Peek, and all authors commented on previous versions of the
manuscript. All authors read and approved the final manuscript.

Funding None.

Declarations

Competing interests None.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indi-
cate if changes were made. The images or other third party material
in this article are included in the article’s Creative Commons licence,
unless indicated otherwise in a credit line to the material. If material
is not included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds the
permitted use, you will need to obtain permission directly from the copy-
right holder. To view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.

References

1. Siegel RL, Miller KD, Wagle NS, Jemal A (2023) Cancer statistics,
2023. CA: A Cancer J Clin 73(1):17-48

2. Saji H, Okada M, Tsuboi M, Nakajima R, Suzuki K, Aokage
K, Aoki T, Okami J, Yoshino I, Ito H, Okumura N, Yamaguchi
M, Ikeda N, Wakabayashi M, Nakamura K, Fukuda H, Naka-
mura S, Mitsudomi T, Watanabe SI, Asamura H, West Japan
Oncology Group and Japan Clinical Oncology Group (2022)
Segmentectomy versus lobectomy in small-sized peripheral non-
small-cell lung cancer (JCOG0802/WJOG4607L): a multicentre,
open-label, phase 3, randomised, controlled, non-inferiority trial.
Lancet 399(10335):1607-1617

3. Brunelli A, Decaluwe H, Gonzalez M, Gossot D, Petersen RH,
Augustin F, Assouad J, Baste JM, Batirel H, Falcoz PE, Almanzar
SF, Furak J, Gomez-Hernandez MT, de Antonio DG, Hansen H,
Jimenez M, Koryllos A, Meacci E, Opitz I, Pages PB, Piwkowski
C, Ruffini E, Schneiter D, Stupnik T, Szanto Z, Thomas P, Toker A,
Tosi D, Veronesi G (2023) European society of thoracic surgeons


https://doi.org/10.1007/s11548-024-03308-7
http://creativecommons.org/licenses/by/4.0/

International Journal of Computer Assisted Radiology and Surgery

10.

11.

12.
13.

14.

15.

16.

18.

20.

expert consensus recommendations on technical standards of seg-
mentectomy for primary lung cancer. Eur J Cardio-Thorac Surg.
https://doi.org/10.1093/ejcts/ezad224

Collins T, Pizarro D, Gasparini S, Bourdel N, Chauvet P, Canis M,
Calvet L, Bartoli A (2021) Augmented reality guided laparoscopic
surgery of the uterus. IEEE Trans Med Imaging 401:371-380
Zhang X, Wang J, Wang T, Ji X, Shen Y, Sun Z, Zhang X (2019) A
markerless automatic deformable registration framework for aug-
mented reality navigation of laparoscopy partial nephrectomy. Int
J Comput Assist Radiol Surg 148:1285-1294

Schiavina R, Bianchi L, Lodi S, Cercenelli L, Chessa F, Bor-
tolani B, Gaudiano C, Casablanca C, Droghetti M, Porreca A,
Romagnoli D, Golfieri R, Giunchi F, Fiorentino M, Marcelli E,
Diciotti S, Brunocilla E (2021) Real-time augmented reality three-
dimensional guided robotic radical prostatectomy: preliminary
experience and evaluation of the impact on surgical planning. Eur
Urol Focus 76:1260-1267

Fu Y, Lei Y, Wang T, Curran WJ, Liu T, Yang X (2020) Deep
learning in medical image registration: a review. Phys Med Biol
6520:20TRO1

Zhang Z (2000) A flexible new technique for camera calibration.
IEEE Trans Pattern Anal Mach Intell 2211:1330-1334. https://doi.
org/10.1109/34.888718

OpenCV. Camera Calibration and 3D Reconstruction. Open Source
Computer Vision; [updated 17-10-2024; cited 2024 21-10-2024];
Available from: https://docs.opencv.org/4.10.0/d9/d0c/group__
calib3d.html#ga617b1685d4059c6040827800e72ad2b6.

Sadeghi AH, Maat A, Taverne Y, Cornelissen R, Dingemans
AC, Bogers A, Mahtab EAF (2021) Virtual reality and artificial
intelligence for 3-dimensional planning of lung segmentectomies.
JTCVS Tech 7:309-321

van Rossum G, Drake FL.(2009) Python 3 reference manual. Scotts
valley, CA: CreateSpace.

Bradski G (2000) The opencv library. Dr Dobb’s J 2511:120-125
Hirschmiiller H, editor. Accurate and efficient stereo processing by
semi-global matching and mutual information. Computer vision
and pattern recognition; (2005).

Computer Vision Toolbox version (R2023b). (2023): The Math-
works Inc.; 2023; Available from: https://nl.mathworks.com/help/
vision/.

Kikinis R, Pieper SD, Vosburgh KG. (2014). 3D Slicer: A plat-
form for subject-specific image analysis, visualization, and clinical
support. In: Jolesz FA, editor. Intraoperative imaging and image-
guided therapy. New York, NY: Springer New York; p. 277-89.
Besl P, McKay HD (1992) A method for registration of 3-D shapes.
IEEE Trans Pattern Anal Mach Intell 14:239-256. https://doi.org/
10.1109/34.121791

Chen Y, Medioni G (1992) Object modeling by registration of mul-
tiple range images. Image Vision Comput 10:145-155. https://doi.
org/10.1109/robot.1991.132043

Doornbos M-CJ, Peek JJ, Maat APWM, Ruurda JP, De Backer P,
Cornelissen BMW, Mahtab EAF, Sadeghi AH, KluinJ (2024) Aug-
mented reality implementation in minimally invasive surgery for
future application in pulmonary surgery: a systematic review. Surg
Innov 316:646-658. https://doi.org/10.1177/15533506241290412
Sadeghi AH, Mank Q, Tuzcu AS, Hofman J, Siregar S, Maat A,
Mottrie A, Kluin J, De Backer P (2024) Artificial intelligence—as-
sisted augmented reality robotic lung surgery: Navigating the future
of thoracic surgery. JTCVS Tech 26:121-125. https://doi.org/10.
1016/j.xjtc.2024.04.011

Collins T, Bartoli A, Bourdel N, Canis M (2016) Robust, real-
time, dense and deformable 3D organ tracking in laparoscopic
videos. In: Ourselin S, Joskowicz L, Sabuncu MR, Unal G, Wells
W (eds) Medical image computing and computer-assisted inter-
vention — MICCAI 2016: 19th international conference, Athens,

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Greece, October 17-21, 2016, Proceedings, Part I. Springer Inter-
national Publishing, Cham, pp 404—412. https://doi.org/10.1007/
978-3-319-46720-7_47

Zhou L, Sun G, Li Y, Li W, Zhiyong S (2022) Point cloud denois-
ing review: from classical to deep learning-based approaches. Gr
Models 121:101140. https://doi.org/10.1016/j.gmod.2022.101140
De Backer P, Van Praet C, Simoens J, Peraire Lores M, Creemers
H, Mestdagh K, Allaeys C, Vermijs S, Piazza P, Mottaran A, Bravi
CA, Paciotti M, Sarchi L, Farinha R, Puliatti S, Cisternino F, Fer-
raguti F, Debbaut C, De Naeyer G, Decaestecker K, Mottrie A
(2023) Improving augmented reality through deep learning: real-
time instrument delineation in robotic renal surgery. Eur Urol.
https://doi.org/10.1016/j.eururo.2023.02.024

Penza V, Ortiz J, Mattos LS, Forgione A, De Momi E (2016) Dense
soft tissue 3D reconstruction refined with super-pixel segmentation
for robotic abdominal surgery. Int J Comput Assist Radiol Surg
112:197-206. https://doi.org/10.1007/s11548-015-1276-0

Xi L, Zhao Y, Chen L, Gao QH, Tang W, Wan TR, Xue T (2021)
Recovering dense 3D point clouds from single endoscopic image.
Comput Methods Prog Biomed 205:106077. https://doi.org/10.
1016/j.cmpb.2021.106077

Pluim JPW, Muenzing SEA, Eppenhof KAJ, Murphy K, edi-
tors. (2016) The truth is hard to make: Validation of medical
image registration. In 2016 23rd international conference on pat-
tern recognition (ICPR); 4-8 Dec. 2016.

Chen S, Nan L, Xia R, Zhao J, Wonka P (2020) PLADE: a plane-
based descriptor for point cloud registration with small overlap.
IEEE Trans Geosci Remote Sens 584:2530-2540. https://doi.org/
10.1109/TGRS.2019.2952086

Malhotra S, Halabi O, Dakua SP, Padhan J, Paul S, Palliyali W
(2023) Augmented reality in surgical navigation: a review of eval-
uation and validation metrics. Appl Sci 13(3):1629. https://doi.org/
10.3390/app13031629

Newcombe RA, Izadi S, Hilliges O, Molyneaux D, Kim D, Davison
AJ, Kohi P, Shotton J, Hodges S, Fitzgibbon A, editors. (2011)
KinectFusion: real-time dense surface mapping and tracking. In
2011 10th IEEE international symposium on mixed and augmented
reality; 26-29

Richa R, B6 APL, Poignet P (2011) Towards robust 3D visual
tracking for motion compensation in beating heart surgery. Med
Image Anal 15(3):302-315. https://doi.org/10.1016/j.media.2010.
12.002

Ivashchenko O, Smit J, Ter Beek L, Rijkhorst E-J, Nijkamp J,
Ruers T, Kuhlmann K (2021) Clinical implementation of in-house
developed MR-based patient-specific 3D models of liver anatomy.
Eur Surg Res. https://doi.org/10.1159/000513335

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1093/ejcts/ezad224
https://doi.org/10.1109/34.888718
https://nl.mathworks.com/help/vision/
https://doi.org/10.1109/34.121791
https://doi.org/10.1109/robot.1991.132043
https://doi.org/10.1177/15533506241290412
https://doi.org/10.1016/j.xjtc.2024.04.011
https://doi.org/10.1007/978-3-319-46720-7_47
https://doi.org/10.1016/j.gmod.2022.101140
https://doi.org/10.1016/j.eururo.2023.02.024
https://doi.org/10.1007/s11548-015-1276-0
https://doi.org/10.1016/j.cmpb.2021.106077
https://doi.org/10.1109/TGRS.2019.2952086
https://doi.org/10.3390/app13031629
https://doi.org/10.1016/j.media.2010.12.002
https://doi.org/10.1159/000513335

