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A B S T R A C T

In an attempt to minimize surgical trauma in already vulnerable patients, pediatric surgeons are increasingly
using minimally invasive surgery in surgical oncology, with similar outcomes as open surgery. In addition to its
technical benefits, robotic surgery allows integration of technological enhancements, such as artificial-
intelligence-based software or tri-dimensional (3D) modeling, into the operating room. In this article, we
report our experience in robotic-assisted surgery for the resection of pediatric tumors and present current de-
velopments in 3D modeling applied to pelvic tumors. Since 2016, 149 oncology cases have been undertaken
using the robotic approach. Neuroblastic tumors account for the most part, with a median hospital stay of two
days [1–7 days] and very few intraoperative events. The use of robotics was mainly extended to renal tumors
(predominantly Wilms tumors) and endocrine tumors, but was found of particular interest for pelvic tumors. Our
experience led us to publish a first set of guidelines on robotic surgical oncology, focusing on its apparent
contraindications. 3D models derived from preoperative magnetic resonance imaging have been developed for
more than 150 patients with solid tumors, but the pelvic area was made a key focus because of its anatomical
complexity. In addition to their educational benefits, some of these 3D models were integrated into the robotic
console as a surgical aid and proved invaluable for difficult dissections or nerve plexus preservation. As evi-
denced by the development of robotics and 3D modeling, pediatric oncology is leaning toward ultra-precise
surgical resection tailored to the patient and the tumor.

1. Introduction

The role and aims of surgery in the diagnosis and treatment of pe-
diatric tumors have considerably evolved these last decades. With the
development of molecular biology, tumor genetic analysis and targeted
therapies, indications and requirement for resection have changed for
many tumors. The will to minimize surgical burden in patients already
strongly affected by cancer and delivered treatments, pushes the sur-
geons to use minimally invasive techniques, such as laparoscopy and
thoracoscopy for pediatric cancer. With well-chosen indications and

when respecting oncological rules, the reported results, particularly in
neuroblastoma [1–3] and nephroblastoma [4–6], are good in terms of
morbidity and quality of resection, with EFS and OS similar to open
procedures. Minimally invasive surgery (MIS) is now entering a new era
with full integration of tools from interventional radiology, flexible
endoscopy, robotics and integrated medical imaging. Hybrid
image-guided MIS certainly appears as the next huge revolution in the
surgical field but requires great technological advances including
AI-based software assistance, imaging and robotics.

With patient-specific three-dimensional (3D) modeling, the surgeon
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should better understand the patient’s anatomy, deliver them proper
counsel, predict possible complications, choose the surgical approach,
and use image overlay to guide surgery with sophisticated robotic sys-
tems. While these advances have been developed for adult surgery,
especially oncological surgery, pediatric oncology has not benefited
from advanced simulation, computer assistance and automation. This is
unfortunate, as this population requires particular attention because of
small-sized critical organs and structures when compared to adults and
the great need to improve postoperative course and avoid long-term
morbidity.

Two major innovations: robotics and 3D imaging, are however pro-
gressively being transferred to the field of pediatric surgery and appear
particularly interesting for pediatric oncology. In this article, we will
report our experience in robotic-assisted surgery for the resection of
pediatric tumors and present our current developments in 3D modeling
applied to pelvic tumors.

2. Minimally invasive surgery and robotics in pediatric
oncology

2.1. The development of minimally invasive surgery in pediatric oncology

Since the pioneer paper of Holcomb et al. [7], who reported, in 1995,
a series of children with thoracic and abdominal cancer undergoing
biopsy using MIS, the feasibility and accuracy of MIS for diagnostic
purposes in pediatric oncological patients has been largely demon-
strated [7–9]. MIS is also used for supportive care procedures such as
gastrostomy [10], fertility preservation (ovarian transposition, ovarian
cryopreservation) [11–13] and small bowel protection from irradiation
[14].

The use of MIS for the resection of solid cancers in children has had a
slower development for essentially three reasons: 1) the indications are
few as most children cancers are embryonic tumors with great size at
diagnosis, leaving little space in the thorax or abdomen to work, even
after size reduction by neoadjuvant chemotherapy; 2) pediatric oncol-
ogists have been reluctant to such an approach for a long time, fearing
incomplete resection and, most of all, peritoneal dissemination with a
higher recurrence rate, as described in some adult series [15–18]; 3)
pediatric surgeons historically involved in children cancer were not
those who were pioneers in MIS and it took some time for both areas of
expertise to merge.

Since then, however, numerous series attest the expansion of MIS for
tumor resection [5,19–22]. Its well-known advantages regarding pain,
recovery, and scarring have been reported, but also good oncological
results, provided carefully chosen indications [23,24].

The exponential development of robotic surgery in adults [25,26]
has led pediatric surgeons to also develop this approach in children. The
advantages of robotic-assisted surgery over laparoscopic surgery are 3D
vision, the seven degrees of freedom, tremor filtration, and precise
camera control [27]. The first studies mainly concerned urological
procedures [28] but today the indications extend to general surgery
[29–34] and more recently to oncology [20,22,35–38]. Whereas the use
of robotics in adult oncology has become commonplace [39–41], the
indications in pediatric oncological surgery are still controversial (the
absence of haptic feedback may increase the risk of tumor rupture) [42].
Surgical oncology in children encompasses a wide range of surgical
morbidity and difficulty, from simple organ removal to large tumors
with vascular involvement and adjacent-organ invasion. All these pro-
cedures should follow the oncologic principles to ensure the best
possible oncologic outcome, keeping in mind that our patients have a
long life ahead of them. Managing these cases calls for experienced
surgeons in MIS and a solid oncological background [35,43].

In 2016, our hospital acquired a surgical robot Da Vinci Xi® (Intui-
tive Surgical Inc., Sunnyvale, CA, USA) and we initiated a unique robotic
program dedicated to pediatrics, with a prospective study gathering now
more than 600 patients. Among them, oncology accounts for 149

procedures (Fig. 1).

2.2. Neuroblastic tumors

Most of oncology cases have been neuroectodermic tumors (n=41)
with 25 neuroblastomas (12 high risk group) and 16 ganglioneuromas or
ganglioneuroblastomas. As expected, 66 % of tumors were located in the
adrenal gland (n=27) and 22 % in the thorax (n=9). The robotic
approach was found particularly interesting when compared to classic
laparoscopy for pelvic tumors (n=5), tumors in contact or encasing the
renal pedicle (n=3) or in close contact with the aorta and/or vena cava
(n=2) and for rare locations like the Zuckerkandl ganglia (n=1). Thus,
one third of these tumors presented image-defined risk factors (IDRFs,
[44]). Tumors were usually fragmented in a bag to be taken out through
a trocar opening, sometimes enlarged. There was no intraoperative
event except for one conversion for a huge ganglioneuroma. Median
hospital stay was two days [1–7 days]. Resection was complete, except
in one case of pelvic tumor, to respect the nerve roots encased by the
tumor (Fig. 2, Fig. 3). There was no local recurrence. This series helped
us provide some guidelines for the respective indications for classical
MIS and robotic-assisted surgery [22], thus showing that robotics allows
to extend the indications of MIS in neuroblastic tumors.

2.3. Kidney tumors

Regarding renal tumors, we first had to build enough robotic expe-
rience in non-tumor cases (mainly in urology, with ureteropelvic junc-
tion obstructions) and in neuroectodermic tumors (which could be
fragmented), before starting applying it to kidney tumors. The pre-
liminary results from 10 patients were reported in 2019 [19]. Total
nephrectomy was done in six cases of Wilms tumor and in one case of
renal sarcoma; three cases were converted. Complete tumor resection
without rupture was achieved in all cases. A transperitoneal approach
was used for total nephrectomy and it allowed extensive resections
including spleen and diaphragm in one case. Tumors were put in a bag
and taken out through a suprapubic incision. Interestingly, a retroperi-
toneal approach was used for nephron-sparing surgery with small tu-
mors in three cases, including one tubulopapillary carcinoma in a
previously liver-grafted patient. The aim was to preserve the peritoneal
cavity for a planned re-transplantation. Mean hospital stay was four
days. Neither local recurrence nor medium-term complications
occurred. When compared with the open surgical approach group, me-
dian tumor volume was smaller (p=0.005), hospital stay was shorter
(p=0.01), and operative time was similar (p=0.20). Since then, 17 cases
of Wilms tumors have been undertaken using the robotic approach, with
similar results. In one case, however, a tumor rupture occurred
following conversion for poor respiratory tolerance due to a diaphragm
opening, and was probably responsible for pleural recurrence two
months later [22]. The patient has now completed her treatment,
including radiotherapy, and is alive, free of disease with over 2 years of
follow-up.

It is important to note that we did not have previous experience in
conventional laparoscopic surgery for renal tumors but found that the
robotic approach allowed us to reproduce exactly the different steps of
an open approach.

2.4. Endocrine tumors

With the implementation of the robotic program, we found that
endocrine pediatric tumors were good candidates for robotic-assisted
surgery. There were mostly adrenal tumors with pheochromocytomas
(n=10) and bilateral adrenal hyperplasia (n=13). Paragangliomas also
appeared as good candidates (n=8) for this approach, as well as some
pancreatic tumors like focal congenital hyperplasia (n=11) or MEN1-
related pancreatic tumors (n=1). Other applications (n=12) of
robotic-assisted surgery were found such as: pelvic rhabdomyosarcoma
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(recurrence after open surgery), pelvic neurofibroma with signs of ma-
lignant transformation and some rare tumors like bronchial carcinoid
tumor, abdominal leiomyoma and lipoma. No local recurrence has been
reported with a follow-up of up to 5 years for some cases.

It is interesting to note that 11 % of patients in this series bore ge-
netic predisposition syndromes, most of them belonging to the endo-
crine tumors group (Von Hippel Lindau, McCune Albright, Carney
complex, Phox2b mutation, Gorlin syndrome…)

2.5. Morbidity of robotics in pediatric surgical oncology

We reported the adverse events and morbidity of our

multidisciplinary pediatric robotic surgery program with 300 consecu-
tive cases including urology/gynecology (n=105), digestive surgery
(n=83), oncology (n=66), ENT surgery (n=28) and thoracic surgery
(n=18). Within the first postoperative year, 65 (22 %) children had
presented with ≥1 complication, which appeared linked to the ASA
score severity. Noticeably surgical oncology did not significantly in-
crease the rate of conversion, complication, or intraoperative adverse
event [30].

2.6. Towards the expansion of robotic surgery in pediatric oncology

The literature search recently conducted on robotic-assisted surgical

Fig. 1. Robot-assisted pediatric surgical activity 2016–2024 and distribution according to tumor type within surgical oncology. TORS: Transoral robotic surgery,
GCT: Germ-cell tumor, IMT: Inflammatory myofibroblastic tumor.

Fig. 2. A: Preoperative MRI of a right pelvic neuroblastoma (localized, non-MYCN amplified) extending to the bottom in a three-year-old girl, after neoadjuvant
chemotherapy (coronal and axial views). B: 3D model generated with our software. Note the encasement of L5, S1 and S3 roots (arrows). C: Postoperative 3D model
of the residual tumor. D: Evolution of tumor residue volume over four years of follow-up.
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oncology [35] in pediatrics yielded a total of 31 studies reporting 171
cases between 2008 and 2022, including 21 (68 %) case reports and our
own published series of 93 cases. Three studies counted ten patients or
more. The five most reported procedures were partial or radical adre-
nalectomy (41 cases), partial or radical nephrectomy (30 cases), medi-
astinal mass excision (17 cases), partial or radical oophorectomy (15
cases) and retroperitoneal lymph node dissection (14 cases).

The scarcity and great diversity of pediatric tumors are a serious
impediment in building the large series needed to establish robotic
surgery oncological guidelines.

Based on our extensive experience, we published a first set of
guidelines, focusing on situations where robotic surgery is clearly con-
traindicated [22]. If our results show that robot-assisted surgery yields
good results in pediatric oncology, two important elements must be
highlighted. On the one hand, the high-volume patients load allowed for
very precise choice of indications during tumor board discussions, and
on the other hand, the operators’ technical expertise combined with a
solid knowledge of the pediatric oncologist guaranteed compliance with
the oncological rules specific to each histology. Finally, it must be
emphasized that economic aspects of this innovative technology are a
huge hindrance to its development, as the cost of the machine and
especially of the maintenance is still high. The newly-expected market
competition should allow substantial cost reductions and enable wide-
spread access to this technology.

It is worth noting that contemporary robotic systems enable the
integration of complementary new technologies in pediatric surgical
oncology, such as Indocyanine-green-based fluorescence-guided surgery
[45]. This recent technical advancement is increasingly being applied
for intraoperative guidance in pediatric solid tumors, both for vascular
mapping and tumor localization [46].

3. 3D modeling in pediatric oncology

The very high definition 3D vision offered by the robotic camera
allows us to consider the integration and, at best, an overlay of the pa-
tient’s 3D imaging to obtain image-guided surgery. Advances in the
processing of medical images offer the possibility to develop patient-
specific 3D models designed from the segmentation of two-
dimensional (2D) images, manually by contouring, or using software,
integrating the automatic recognition of specific organs (3D Slicer,
Myrian Studio, ITK-SNAP, etc.). Artificial intelligence (AI) techniques
based on deep learning now allow quasi-automatic segmentation.

In adult abdominal surgery, 3D imaging has developed considerably
in recent years, with a range of services (Visible Patient®) and software
(Synapse3D®, Axial3D®), mainly dedicated to computed tomography
imaging. Preliminary investigations have shown 3D-printed models of
kidney tumors provide significant help compared to 2D images for the
characterization, localization and understanding of kidney lesions by
medical students [47,48]. Other works underline the relevance of these
models in nephron-sparing surgery [49,50] but also in the understand-
ing and acceptance of the surgical procedure by the patient and the
families [51]. A few studies have evaluated the relevance of these tools
in pediatric surgery, mostly in the surgery of renal tumors [52,53] or the
modeling of congenital heart diseases [54,55].

These models do not usually integrate nerve imaging or nerve trac-
tography, which is based on diffusion tensor MRI and was mainly
developed in the anatomical and functional exploration of the brain but
also to guide surgery of the central nervous system. Works on peripheral
nerve imaging are still mostly preliminary but are highly relevant for the
monitoring of nerve regeneration in preclinical models [56], the anal-
ysis of spinal dysraphism [57], pelvic tumor surgery [58] and more
recently prostate surgery [59].

In this context, we developed, in collaboration with engineers, ra-
diologists, and experts in applied mathematics, a project to obtain a 3D

Fig. 3. Different views (from left to right: anterior, posterior, right lateral, front) of the 3D model generated from MRI scans done before surgery and postoperatively
at 3 and 12 months.
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representation of the pelvis, using MRI based image analysis using AI
methods, and integrating visualization and modeling of the peripheral
nervous system. We decided to focus on the pelvic area as this region is
at the crossroad between digestive, genital, and urologic tracts, with a
very rich and complex vascular and nervous network. We also wanted
the model to be delivered in a timeframe compatible with its use in
clinical routine. We built a dataset of 3 T MRI images acquired in the
context of a research clinical protocol (n◦ 2015-A01705–44/2023-
A02070–45) of pediatric pelvic tumors or malformations. The use of a
3 T MRI scanner allowed us to maximize the resolution of the acquisi-
tions and, therefore, optimize 3D modeling and nerve network recon-
struction. Manual segmentations were carried out for all these patients.
This approach allowed us to develop automatic segmentation tools
based on deep learning approaches, which today make it possible to
obtain computer-assisted 3D models of bones, bladder, colon, vessels
and tumors. Identification of these structures has also made possible the
development of AI-based algorithms from diffusion tensor imaging se-
quences, to have a more efficient representation of the peripheral nerve
network (lumbosacral plexus) than with the tools available on acquisi-
tion consoles and provided by manufacturers. This method integrates
anatomical knowledge in the form of spatial relationships between
nerves and adjacent organs to accurately identify the sacral roots of
interest.

More than 150 patients have benefited from 3D models issued from
their preoperative MRI and among them, 26 patients with pelvic tumors.
The median age was 5 years [6 months-16 years]. There were six sac-
rococcygeal teratomas, nine rhabdomyosarcomas (four bladder pros-
tate, two vagina, one urachal and two pelvic), nine neurogenic tumors
(seven neuroblastomas, two ganglioneuromas) and two neurofibromas.
Ten Wilms tumors have also been 3D segmented over the last five years.

Before surgery, 2D native images and 3D model were visualized by
the two senior surgeons and the resident in charge of the patient. They
were asked to evaluate the perception of the anatomy regarding organs,
arteries, veins and tumors, the relationships between the tumor and the
surrounding structures, including lumbosacral plexus, and to give their
opinion regarding the reassuring effect or not of the 3D model when
compared to the 2D images. During surgery, the 3Dmodel was projected
onto screens in the operating room (OR) or integrated into the consoles
of the robotic system. Surgeons and residents were asked to evaluate the
correlation between the expected anatomy given by the 2D and 3D
models and the real observed anatomy during surgery.

Residents all agreed that the 3D model gave them a much better
representation of the anatomy of the patient and helped them under-
stand the planned surgical steps. During surgery the availability of the
model on the OR screens was also perceived as a real benefit for their
education. Senior surgeons found the 3D model particularly interesting
for neurogenic tumors.

In this region, tumors are arising from the root itself or from the
presacral sympathetic chain and are always close to or encasing the
lumbosacral plexus. The visualization of the nerve network made it
possible to consciously leave tumor residue around L5, S1 and S2 in two
cases where these nerves were completely encased in the tumor (Fig. 2).
Postoperative 3D modeling enabled us to monitor the volume of the
tumor residue (Fig. 2), as well as the growth behavior of nerve axes after
tumor removal (Fig. 3). Ongoing studies suggest a good correlation
between patient’s and observed anatomy, as well as good reproduc-
ibility of the generated model (Fig. 2, Fig. 3). We were able to observe
that, despite the supervised nature (or biased by information regarding
normal anatomy) of the reconstruction, the course of the lumbosacral
nerves followed the deformations imposed by the tumors in some cases
of pelvic neuroblastoma (Fig. 2).

During surgery, it was found reassuring to get the vision of the 3D
model in the robotic console just next to the operative field for the
dissection of the iliac vessels in a presacral neuroblastoma (Fig. 4) or for
the dissection of a rhabdomyosarcoma recurrence infiltrating the
bladder trigone (Fig. 5). We also reported a case of presacral neurofi-
broma resected because of signs of virulence on the positron emission
tomography scan, where we could identify postoperative damage to
some fibers of the S2 root with slight neurological impairment [60].

To our best knowledge, this is the first experience of 3D modeling
applied to children with pelvic tumors. Whereas the benefit of 3D
models is now well documented in adults but also in children [61], our
procedure allows for the integration of nervous structures which we
found very useful to plan and conduct pelvic surgeries.

4. Conclusion

Although belated, the evolution of current trends in pediatric sur-
gical oncology is slowly incorporating technological advancements to
enhance surgical vision, increase precision and minimize surgical
trauma. As evidenced by the development of robotics and 3D modeling,
oncology is leaning toward ultra-precise surgical resection tailored to

Fig. 4. Presacral neuroblastoma in a 3.5-year-old girl (A). Integration of the 3D model into the robotic console screen for surgical guidance (B, C).
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the patient and the tumor. Future software enhancements allowed by the
robotic console are most likely to integrate AI to increase efficiency,
eradicate surgical error and improve surgical outcome.

Technological developments should, however not spread at the
expense of children’s safety and oncological outcome. Proper assess-
ment of benefits and morbidity, as well as establishment of guidelines in
line with the oncological principles are paramount to ensure the best
possible results.
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