N

N

Robust Augmented Reality registration method for
Localization of Solid Organs’ Tumors Using CT-derived
Virtual Biomechanical Model and Fluorescent Fiducials

Seong-Ho Kong, Nazim Haouchine, Renato Soares, Andrey S Klymchenko,

Bohdan Andreiuk, Bruno Marques, Galyna Shabat, Thierry Piéchaud,

Michele Diana, Stéphane Cotin, et al.

» To cite this version:

Seong-Ho Kong, Nazim Haouchine, Renato Soares, Andrey S Klymchenko, Bohdan Andreiuk, et
al.. Robust Augmented Reality registration method for Localization of Solid Organs’ Tumors Us-
ing CT-derived Virtual Biomechanical Model and Fluorescent Fiducials. Surgical Endoscopy, 2016,
10.1007/s00464-016-5297-8 . hal-01314963v2

HAL Id: hal-01314963
https://hal.science/hal-01314963v2
Submitted on 17 Nov 2016

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-01314963v2
https://hal.archives-ouvertes.fr

Surg Endosc

Robust augmented reality registration method for localization
of solid organs’ tumors using CT-derived virtual biomechanical

model and fluorescent fiducials

Seong-Ho Kong'? - Nazim Haouchine® - Renato Soares' - Andrey Klymchenko* «
Bohdan Andreiuk® - Bruno Marques® - Galyna Shabat® « Thierry Piechaud® -

Michele Diana'*®

Abstract

Background Augmented reality (AR) is the fusion of
computer-generated and real-time images. AR can be used
in surgery as a navigation tool, by creating a patient-
specific virtual model through 3D software manipulation of
DICOM imaging (e.g., CT scan). The virtual model can be
superimposed to real-time images enabling transparency
visualization of internal anatomy and accurate localization
of tumors. However, the 3D model is rigid and does not
take into account inner structures’ deformations. We pre-
sent a concept of automated AR registration, while the
organs undergo deformation during surgical manipulation,
based on finite element modeling (FEM) coupled with
optical imaging of fluorescent surface fiducials.
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Methods Two 10 x 1 mm wires (pseudo-tumors) and six
10 x 0.9 mm fluorescent fiducials were placed in ex vivo
porcine kidneys (n = 10). Biomechanical FEM-based
models were generated from CT scan. Kidneys were
deformed and the shape changes were identified by track-
ing the fiducials, using a near-infrared optical system. The
changes were registered automatically with the virtual
model, which was deformed accordingly. Accuracy of
prediction of pseudo-tumors’ location was evaluated with a
CT scan in the deformed status (ground truth). In vivo:
fluorescent fiducials were inserted under ultrasound guid-
ance in the kidney of one pig, followed by a CT scan. The
FEM-based virtual model was superimposed on laparo-
scopic images by automatic registration of the fiducials.
Results Biomechanical models were successfully gener-
ated and accurately superimposed on optical images. The
mean measured distance between the estimated tumor by
biomechanical propagation and the scanned tumor (ground
truth) was 0.84 + 0.42 mm. All fiducials were successfully
placed in in vivo kidney and well visualized in near-in-
frared mode enabling accurate automatic registration of the
virtual model on the laparoscopic images.

Conclusions Our preliminary experiments showed the
potential of a biomechanical model with fluorescent fidu-
cials to propagate the deformation of solid organs’ surface
to their inner structures including tumors with good accu-
racy and automatized robust tracking.

Keywords Augmented reality - Automatic registration -
Optical imaging - Finite element modeling - Solid organ
tumor - Fluorescence-guided surgery - Fiducials

Along with increases in early detection of the tumors and
interests in the quality of life after surgery, individualized



tailored resection methods have been replacing the tradi-
tional radical wide resection in diverse organs [1, 2].
Accurate tumor localization is crucial to ensure both radi-
cality and organ function preservation in tailored resec-
tion. It is frequently challenging to accurately localize and
determine the margin of the tumors in solid organs during
minimally invasive surgeries, especially when the tumor is
located deep inside organs or when they are only partially
exposed [3, 4].

Augmented reality (AR) technologies, which generate
patient-specific virtual model through 3D software
manipulation of DICOM imaging (e.g., CT or MRI) and
provide superimposed images in the operation field to
obtain the enhanced real-time localization, are receiving
increasing interest as effective and useful tools for the
accurate tailored operation [5—10].

The inability to simulate the deformation of the organ
during surgery, and the requirement of frequent manual
re-localization to synchronize the virtual model and the
laparoscopic operative images are important limitations
of the conventional rigid virtual model. To overcome
these limitations, we have developed a real-time
biomechanical model based on a finite element modeling
(FEM) method. FEM allows to simulate soft tissue
behavior, taking into account mechanical properties of
parenchyma, internal tubular structures, and tumors. This
biomechanical model is expected to predict inner defor-
mations by propagation of the observed surface changes
[11].

We have opted for a surface fiducials-based tracking
method for robust automatic re-localization. The gold
fiducials, characterized by small size, visibility at imaging
modalities such as CT, and minimal tissue reaction, are
safely used for localization of tumors in stereotactic radio
surgery (Cyberknife®) treatment of malignancies in various
organs such as the lung, liver, prostate, and metastatic
lymph nodes [12-14]. We hypothesized that the fiducials
on the surface of the solid organ can be used as the land-
mark for a robust re-localization as well as for a computed
re-modeling of the virtual model in a deformed shape. We
also used near-infrared fluorescent coating on the fiducials
to increase the visibility and selectivity, because near-in-
frared fluorescent imaging has been known to have the
advantage of deep penetration and high signal/background
ratio [15].

The purpose of this study was to validate whether the
real-time tracking method, combining biomechanical vir-
tual models and the fluorescent dye-coated surface fidu-
cials, is effective for enhanced robustness through
automatic registration and for the accuracy of tumor
localization in deformed solid organs, using ex vivo and
in vivo porcine kidney models.

Materials and methods
Fluorescent gold fiducials

Commercially available gold fiducials (Flexicoil™,
CIVCO, IOWA, USA), which are made of biocompatible
pure gold (99.99 % minimum), measure 10 mm in length
and 0.9 mm in diameter, were used. The fiducials have a
helix shape to minimize the likelihood of migration and
artifacts. Fiducials were coated with a custom-made, bio-
compatible, near-infrared fluorescent polymeric material

(Fig. 1).
Ex vivo experiments

Ex vivo experiments were planned to examine the robust-
ness of the re-localization and accuracy of the prediction of
the location of the tumor in deformed kidneys.

A total of ten ex vivo kidneys (mean size
100.2 &+ 9.8 mm) were harvested from pigs (Sus scrofa
domesticus, ssp Large White), which were involved in
educational courses in minimally invasive surgery. The
kidneys were immediately stored in the deep freezer
(—20 °C) and slowly thawed in the warm water bath during
a few hours on the days of the experiments. The kidney
parenchyma was filled with saline injected through the
artery, and both the renal artery and veins were ligated.

Two 10 x 1 mm sized metal wires were used to simu-
late tumors (pseudo-tumors) and were inserted into the
parenchyma of anterior and posterior side of the kidney
using a 18-gauge placement needle (CIVCO, IOWA,
USA), either in the upper half or in lower half of the kid-
ney, which were randomly selected. Six fiducials were
widely placed using the same placement needle around the
expected area of the pseudo-tumor, with a depth that
exposes 1-2 mm of the tip outside the kidney. CT was
performed for a generation of the virtual model of the
kidney including the pseudo-tumor.

The kidney was observed with the near-infrared fluo-
rescent camera (D-Light P, Karl Storz, Tuttlingen; Ger-
many). A deformation was applied to the upper or lower
part of the kidney, including the pseudo-tumors, and the
kidney in the deformed status was left recumbent over a
small wedge. Then a second CT scan was performed to
image the deformed kidney.

The changes in the fiducials’ location were detected by
laparoscopic view, and new locations were applied to the
virtual model to automatically generate the deformation.
The accuracy of the prediction of displacement of the
pseudo-tumors was examined by means of comparing the
virtual model and the ground truth information obtained by
the second CT scan.
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Fig. 1 Surface fiducials. A White light view, B near-infrared mode of laparoscopic camera

In vivo experiments

In vivo tests to validate the process were performed in a
25-30-kg pig. In accordance with the ethical principle of
reduction, the animal was included in the present study at
the end of a different experimental protocol (No.
38.2013.01.048, acronym Penumbra), which has received
full approval by the Ethical Committee on animal
experimentation, and is still ongoing at our institute. All
animals were managed according to the directives of the
European Community Council (2010/63/EU). Pigs were
fasted for 24 h before surgery with free access to water.
Premedication by intramuscular injection of ketamine
(20 mg/kg) and azaperone (2 mg/kg) (Stresnil; Janssen
Cilag, Belgium) was administered 10 min before surgery.
Induction was achieved with intravenous propofol (3 mg/
kg) combined with rocuronium (0.8 mg/kg). Anesthesia
was maintained with 2 % isoflurane. At the end of the
procedure, the animal was humanely sacrificed with an
intravenous injection of a lethal dose of potassium
chloride.

Six fluorescent-coated fiducials were widely placed on
the anterior surface of the kidney via 18-gauge placement
needle guided, by percutaneous approach under ultra-
sonography guidance. A CT scan was then performed to
generate 3D virtual model.

A laparoscopic near-infrared camera (D-Light P, Karl
Storz; Tuttlingen, Germany) was inserted into the 12-mm
trocar placed in the supra-umbilical area, and the kidney
and the fiducials were observed and recorded at white light
mode and at near-infrared fluorescent mode.

The location of fiducials detected by optical imaging
was used to re-localize the virtual 3D model over the
laparoscopic view.

The accuracy of the re-localization was estimated by
examining the similarity of the boundary of the kidney
between the virtual model and the laparoscopic image
using Dice’s coefficient, as previously described [16].

Augmented reality using image-driven
biomechanical models

The key idea of our method is to use a physics-based model
guided by fiducials landmarks identified by optical imaging
thanks to their fluorescent characteristic.

The overall computational flow of our method involves
two main steps: (1) Motion estimation of the kidney from
laparoscopic images and (2) Computation of its
deformations.

The mechanical representation allows to recover a
physically coherent elastic deformations of the object and
to estimate in-depth motion of the tumors.

In our case, tetraheadra-based FEM model implemented
in the framework SOFA is used while mechanical param-
eters (Young modulus, Poisson ratio) are taken from the
literature [17, 18].

The organ surface was manually segmented from the CT
images using the Snake algorithm available in the open-
source software (itk-SNAP, available online at: http:/
www.itksnap.org). In order to build the mechanical model,
a volume was automatically generated using the 3D
Delaunay triangulation algorithm which is available in the
CGal library (The Computational Geometry Algorithms
Library; available at http://www.cgal.org/).

The spatial information of the fiducial was obtained
from the laparoscopic image, and the re-localization of the
fiducial was made automatically between the laparoscopic
image and the virtual model. This re-localization is per-
formed using a Perspective-n-Point algorithm (PnP).

The aim of the PnP algorithm is to determine the posi-
tion and orientation of a camera given its intrinsic
parameters and a set of correspondences between 3D points
and their 2D projections. In our case, the 3D points are
coupled with the biomechanical model while the 2D pro-
jections represent the fiducials.

Then sequential computation of the FEM deformation
and the PnP re-localization are performed simultaneously.



Once the computation has been performed, the surfaces are
projected onto the laparoscopic images thanks to the
camera’s intrinsic parameters to obtain the final render that
will be displayed to the surgeon.

Results
Ex vivo experiments

All the six fiducials in each kidney were successfully
placed with less than 2 mm of exposed tip. A fluorescent
signal allowed easy and clear identification of the fiducials
in spite of the small exposed area of the fiducials, com-
pared with naked-eye observation (Fig. 2). With dimmed
background light, the shape of the kidney could be visu-
alized together with the fluorescent signal of the fiducials
(Fig. 2C, F).

Flexible virtual models were successfully generated
from the CT scan of the kidney (Fig. 3). The fiducials
generated some artifacts; however, all the artifacts could be
adjusted by digital modification. The mean long and short
axis lengths of the kidneys were 100.2 £ 9.8 and
50.0 £ 3.0 mm, respectively. The number of vertices made
from segmentation of the surface ranged from 10,968 to
13,744. The volume model was automatically generated
with tetrahedron meshes. The number of the tetrahedral
meshes ranged from 3072 to 4096. The final flexible virtual

model was established by combining the surface model and
the volume model, as well as the location of the fiducials
and the pseudo-tumors.

When the kidney was deformed, changed locations of
fiducials were identified by the near-infrared camera
(Fig. 4A, B). The new locations of the fiducials were
automatically found with the fiducials of the virtual model.
The biomechanical model was deformed automatically
according to the re-localized position of the fiducials,
resulting in the change of location of the pseudo-tumors as
well (Fig. 4C, D). The biomechanical virtual models could
be superimposed on the image of the kidney indicating the
location of the pseudo-tumors inside the parenchyma
(Fig. 4E, F). The error between the locations of the pseudo-
tumors in the ground truth data obtained from CT scan and
the predicted location of virtual biomechanical model in
deformed shape was 0.76 £ 0.23 mm for the pseudo-tu-
mors placed in the parenchyma on the same side where the
fiducials were placed, and 0.92 £ 0.55 mm for the pseudo-
tumors placed on the side opposite the fiducials (Fig. 4D,
G).

In vivo experiments

All six fiducials were successfully placed on the surface of
the kidney (Fig. 5) and could be clearly identified by the
near-infrared fluorescence camera system in spite of their
small caliber and of their position. In fact, some fiducials

Fig. 2 Fiducial placement on the surface of the ex vivo kidneys; A, D white light mode; B, E near-infrared mode without background light; C,

F near-infrared mode with dimmed background light



Fig. 3 Generation of virtual models; A ex vivo kidney with
fluorescent surface fiducials; B CT scan of the kidney; C segmentation
of the surface of the kidney; D volume model automatically generated

A

deformatlon

.’

Fig. 4 Re-localization of the position of the fiducials and automatic
deformation of the virtual model; A, B Deformation of the kidney in
the laparoscopic view; C, D deformation of the virtual model
following automatic re-localization of the position of the fiducials; E,

were partially surrounded by hematoma (Fig. 5C, D), and
some were relatively deeply placed with only a very small
part of the fiducial exposed under Gerota’s fascia (Fig. SE,
F). Most of the injection sites induced self-limiting sub-
capsular hematomas, but no active bleeding.

The virtual model was generated from the CT scan, and
the model was overlaid on the laparoscopic image by re-
localization of the place of surface fiducials (Fig. 6). Dice’s
coefficient comparing the boundary of the kidney between

from the segmented surface; E final biomechanical model combining
the surface mode, the volume model, fiducials, and the pseudo-tumors

F overlaid virtual models on the laparoscopic view indicating the
location of the pseudo-tumors; G ground truth of deformed kidney
obtained by CT scan; H overlay of the virtual model and the
segmented surface of the ground truth in CT scan

the virtual model and the laparoscopic image was 0.95,
which means 95 % of similarity (Fig. 6C).

Discussion
Augmented reality is a promising technology for tailored

resections of solid organ tumors, enabling to see by
transparency and providing enhanced guidance for
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Fig. 5 Fiducial placement on the surface of in vivo kidney. A Placement of the fiducial with a guidance of ultrasonography; B, D, and F white
light mode; C, E, and G near-infrared mode; D, E fiducial surrounded by hematoma; F, G fiducial covered by the Gerota’s fascia

Fig. 6 Re-localization of the fiducials in in vivo kidney. A Identifi-
cation of the fiducial from the laparoscopic image. B Overlay of the
virtual model on the laparoscopic image by means of re-localization

precision surgery. However, AR is limited by the fact that
the virtual model obtained from the imaging modality is
“rigid” and does not follow the deformations of the real
organ when it is manipulated during the surgical procedure.

Registration is the process of precisely fitting the 3D
virtual model obtained from imaging onto the real patient’s
anatomy and is a critical step to provide correct and useful
information to the surgeon. Registration is an area of
actively ongoing research in computer-assisted image-
guided surgery [19], and it can be rigid or non-rigid
[20-22] and can be manual or automatic. Available regis-
tration methods involve some degree of human interaction

of the fiducials C comparison of the boundary between the virtual
model (red line) and the estimated border in the laparoscopic image
(green line) (Color figure online)

in visualizing the preoperative 3D model directly on the
operative monitor and manually resize and orientate the
model according to some landmarks (e.g., bone structures
such as the iliac crest or potentially some radio-opaque
markers used during both the acquisition of the preopera-
tive images and intraoperatively) [23-26]. Alternatively,
landmark position is initially determined on the preopera-
tive image and subsequently outlined during the procedure
with a navigation pointer [27], and the model is then semi-
automatically repositioned. Ieiri et al. [28] recently applied
an optical tracking system for registration between volume
image and skin markers to guide laparoscopic splenectomy



in six children. The authors reported an acceptable regis-
tration accuracy of the system in the clinical setting and the
ability of the navigation to provide real-time anatomical
information, which could not otherwise have been
visualized.

The main problems with automatic registration include
organ deformation or displacement by surgical manipu-
lation. The ability to perform a real-time intraoperative
update of the 3D model of the targeted organ or at least
estimate the deformation range with good approximation
is the key point for fully automatic AR registration. The
most straightforward approach is to directly acquire a
novel 3D image of the interest zone during the procedure
which could be updated at any time during surgery. This
can be done using 3D ultrasound, as recently demon-
strated by Nam et al. [29] for liver surgery applications,
or by CT scan [30] or MRI. Shekhar et al. [30] proposed
to use an intraoperative low-dose CT scan image to
update the 3D liver model and refresh the AR view
during surgical manipulation. The authors also used an
optical tracking system to follow the endoscopic camera.
Although interesting, a drawback of this approach that
should be noted is related to the low-dose CT scan which
provides less detailed images. The second inconvenient is
the need for a CT scan during the whole procedure.
Additionally, the update rate of the 3D virtual model
should be swift enough to be of clinical utility during a
surgical procedure.

To enable automatic registration of the 3D model after
being deformed, we propose to use surface fiducials which
can be identified both with CT scan and in the laparoscopic
image as strong landmarks with high consistency and
accuracy. Additionally, since fiducials are supposed to be
placed around the tumor, most of them remain within the
laparoscopic view and can be tracked throughout the whole
surgical procedure, without the risk of being lost by
zooming into the focal area around the tumor during fine
dissection. In the present study, near-infrared fluorescent
coating was found to be useful to enhance the visibility of
the surface fiducials. Near-infrared  wavelength
(700-900 nm) is the range of light that is the least absorbed
by human tissues, providing high signal-to-background
ratio and deep penetration up to 5—10 mm of tissue [31]. In
this experiment, the visibility of the fiducial in near-in-
frared mode was superior to that in white light mode, and
the fiducials could be well visualized, even when they were
partly surrounded by hematoma or covered by Gerota’s
fascia. As an additional advantage, the enhanced visibility
could contribute to reduce the size of fiducials resulting in a
reduced risk of injuries to organs.

Fluorescence is useful in automatic identification of
fiducials in laparoscopic images, because in the near-in-
frared mode it is possible to selectively visualize the

fluorescent fiducials. Unfortunately, the system used in the
present experiments has a limitation, as operators had to
toggle between the white light mode and the fluorescent
mode. However, other commercially available laparo-
scopic systems (e.g., the Pinpoint from Novadaq, Missis-
sauga, ON, Canada) can display both white light image and
near-infrared image in overlay. Identification of the fidu-
cials can be more robust and automatic using such systems
enabling overlay. Alternatively, we could obtain the image
similar to the superimposed image by adding another
dimmed light source in our fluorescent camera system
(Figure 2C, F).

Although re-localization is automatized, the rigid virtual
model still has limitations in simulating the deformation of
organs during operation. FEM model is a promising solu-
tion to simulate the elastic deformity of organs. In our last
liver experiment, we showed that the FEM model can
simulate the deformity during operation and be superim-
posed on the laparoscopic images simultaneously [11].

The prediction error of the virtual model concerning the
deformation of the organ and the location of the pseudo-
tumor was <l mm. The virtual biomechanical kidney
model was designed to follow dynamic simulation of
flexibility and compressibility of the real organs. However,
there are additional levels of structural complexity that
were not computed, including the mechanical contribution
of elements such as the renal capsule, cortex, medullar, and
calyces, not to mention individual variations. By definition
a model is not perfect. Nevertheless, the accuracy of this
model was estimated to be acceptable when considering
that the usual targeted tumor margins are around 0.5 cm in
the clinical situation [32]. Because the segmentation of
detailed structures in the organ requires additional and
time-consuming manual work, it can be more cost-effective
to apply an average value of the physical property to the
whole organ.

We have selected the kidney for this proof of the
concept for several reasons. First, the kidney is covered
with fat tissue under Gerota’s fascia, which prevents the
use of organ boundaries as a landmark for AR regis-
tration, unless a significant portion of the kidney is
exposed. Second, partial nephrectomy or nephron-spar-
ing surgery has already been an established treatment
strategy for T1 renal cell carcinoma, due to its compa-
rable oncologic outcomes, preservation of renal func-
tion, and benefits on other causes of cause mortality
compared with radical nephrectomy [33, 34]. Third, in
spite of some debates, complete resection with a nega-
tive surgical margin is still regarded as a mainstay
oncologic principle of the partial nephrectomy for renal
cell carcinoma [35, 36]. Fourth, small tumors are fre-
quently partially exposed in the capsule, covered by
perinephric fat, or deep-seated with an endophytic



growth pattern, so it is not always easy to localize the
extent of the tumor and accurately delineate the margins
[3, 37, 38]. Finally, the porcine kidney is technically
easy to manipulate. Importantly, it is expected that the
technique we propose can be applied to other solid
organs, including, for example, the liver.

The fluorescent fiducials, outside the concept of AR, can
be useful to improve the localization of superficial solid
organs’ tumors in the minimally invasive setting. In such
cases, only 1-2 fiducials around the tumor may be suffi-
cient to guide the surgeon. However, for a robust aug-
mented reality, at least four fiducials are required to solve
the PnP problem and calculate the position and the direc-
tion of the camera [39], which can represent an economic
issue.

Moreover, in our experiment we had a self-limiting
hematoma, despite the small size of the fiducial. The use of
fiducials is considered relatively safe [40, 41], but a con-
cern of delayed complications, such as chronic bleeding,
should be further evaluated.

Therefore, our next development would be to find less
invasive methods and materials for the surface fiducials.
One of the solutions is to use a minimal number of
fiducials at the beginning of the operation and to maxi-
mize the use of anatomical landmarks at the boundary or
outside of the organ, and to add less invasive fiducials as
needed during the operation. On the other hand, other
researches to simulate the conditions during operations,
such as an algorithm to simulate the virtual model during
the cutting of the organ, [42] and the validation of the
deformation of the virtual model under different intra-
abdominal pressure, are under investigation. Combining
all of these, it is expected that real-time AR which can be
applied to most intraoperative situations could be devel-
oped in the near future.

Conclusions

A flexible biomechanical 3D model with a fluorescent gold
surface fiducial was feasible in a porcine model with
acceptable accuracy and automatized robust tracking. The
principle seems to be useful to provide accurate real-time
visual information concerning the location and the margin
of the small solid tumors during tailored operations. Fur-
ther researches on the safety of fiducials and the develop-
ment of less invasive surface marking methods are under
investigation.
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