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Abstract: Introduction: The pre-operative planning for complex renal masses in children can be chal-
lenging, especially when nephron-sparing surgery (NSS) is recommended. We report our experi-
ence with the use of 3D-virtual reconstruction (3DVR) and its impact on surgical decision making.
Materials and methods: Patients with complex renal masses underwent preoperative 3DVR. DICOM
data were obtained from abdominal MRI and/or CT scans. 2D images segmentation was then per-
formed. Three oncology surgeons were asked to individually evaluate each patient's preoperative
MRI, CT and 3DVR. A questionnaire regarding the quality of conventional imaging compared to
3DVR was completed following surgery. Results: 8 patients (45,4%) were included: Cases 1,2 and 4
were circumscribed tumours in the right upper pole, left lower pole (Bosniak cyst IV) and right mid-
upper pole (Bosniak cyst IIF) respectively; Case 3 was a large hilar mass involving the whole kidney,
unresponsive to chemotherapy; Case 5 and 7 were stage IV Wilms' tumour with venous thrombosis;
case 6 was a left mid lower renal mass in a patient with WAGR syndrome and acute lymphoblastic
leukaemia (ALL) and case 8 was a recurrent central right WT after previous NSS in a child with Beck-
with-Wiedemann syndrome(BWS). Four radical nephrectomies and three NSS were performed. In
comparison to conventional imaging, the 3DVR models were judged to be superior by the expert
reviewers for all anatomical structures except the urinary tract(p<0.05). Conclusions: Our study sug-
gests that 3DVR can be considered a useful tool in the pre-operative evaluation of children with com-
plex renal masses and can facilitate NSS in selected patients.

Keywords: 3D model; surgical planning; renal tumor; paediatric oncology; nephron-sparing surgery;
3DVR

1. Introduction

Renal tumours account for about 6% of all childhood malignancies. The most common is Wilms'
tumour (WT) or nephroblastoma, which affects 1 in 10,000 children, with a median age at diagnosis
of 3.5 years [1]. Other childhood kidney tumours include mesoblastic nephroma (MN) and malignant
rhabdoid tumour of the kidney (MRTK), which are more common in infants, cystic nephroma (CN),
angiomyolipoma and renal cell carcinoma (RCC), which is most common after the age of 14 years [2].
Radical nephroureterectomy with staging lymphnode sampling is the recommended surgical proce-
dure for unilateral WT, which represents the vast majority of WT. However, according to the SIOP
RTSG Umbrella Protocol 2016 [3,4], nephron-sparing surgery (NSS) must be pursued in specific cases
such as bilateral WT, WT occurring in a single kidney, or WT occurring in the context of a syndromic
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or genetic predisposition (such as Beckwith-Wiedemann, Denys-Drash syndrome or WAGR syn-
drome) where an increased risk of bilateral tumors and eventual chronic kidney disease (CKD) can
be predicted. Conventional imaging techniques, most commonly computed tomography (CT) and
magnetic resonance imaging (MRI), have traditionally been used to define the preoperative surgical
strategy [5]. However, conventional imaging techniques have many limitations in the paediatric set-
ting: they provide only 2D images, often of limited quality; they have inaccuracies in anatomical def-
inition of small structures that can be distorted by tumour growth; and they often require sedation in
young children, which in turn affects image quality. In addition, protocols to reduce radiation expo-
sure can affect image quality in CT. MRI that avoids radiation has a longer acquisition time and there-
fore more movement artefacts [6]. Overall, both MRI and CT may lack the ability to clearly define the
extent of surgical resection, tumour volume and residual parenchyma when organ-sparing surgery is
desired. In recent years, 3D reconstruction of organs and structures has emerged as a promising pre-
operative tool in many clinical settings and multiple disciplines, including urology, neurosurgery, gen-
eral surgery, thoracic surgery, cardiac surgery, plastic surgery and maxillofacial surgery. It has been
endorsed by both the American College of Radiology and the Radiological Society of North America
[7]. In adult renal oncology, three-dimensional virtual reconstruction (3DVR) using dedicated software
appears to provide a better understanding of the spatial relationships between tumour and adjacent
structures (vessels and other organs) and allows interactive preoperative exploration of surgical anat-
omy. Few publications have reported the use of 3DVR in paediatric oncological surgery and even fewer
in renal oncological surgery. [8]. The aim of our study was to analyse the feasibility of 3DVR in paedi-
atric patients with complex renal masses and to evaluate the advantages and limitations of preoperative
3DVR in comparison to conventional 2D imaging. It is hypothesised that 3D models can be an important
tool for preoperative planning, reducing complications and selecting patients for NSS.

2. Materials and Methods

From October 2021 to January 2025, preoperative 3DVR was performed in all patients referred
to the Department of Oncology and the Division of Paediatric Urology with a renal mass deemed
complex at the multidisciplinary meeting. Patients were selected for 3DVR reconstruction if they had
a large tumour volume, infiltration of surrounding tissues, venous thrombosis equal to or greater
than stage 2 according to the Daum classification [8], bilateral tumours, or if the patient was a poten-
tial candidate for NSS, as there is currently no defined tumour surgical complexity score for paediat-
ric renal masses. Demographics (age, sex, weight), clinical characteristics, imaging (MRI, CT), tumour
characteristics, surgical approach, complications and follow-up were retrospectively reviewed.
Standard treatment according to the SIOP-RTSG UMBRELLA treatment protocol 2016 was provided
to all patients considered as affected by WT. Data for 3DVR were obtained from pre-operative imag-
ing studies in DICOM format. Children were either awake or sedated, depending on their ability to
cooperate, for MRI and CT. All patients underwent a pre-operative MRI according to the SIOP-RTSG
UMBRELLA protocol 2016. A 1.5 Tesla system (SIGNA™, GE HealthCare) was used in all patients.
The imaging protocol consisted of a coronal fat-suppressed T2-weighted (-W) sequence, a sagittal T2-
W sequence, an axial fat-suppressed T1-W sequence, a 3D fat-suppressed T1-W sequence and a dif-
fusion-weighted sequence. After intravenous paramagnetic contrast injection (Gadovist 1.0 mmol/ml,
Bayer Pharma, Berlin, Germany) at a dose of 0.1 ml/kg body weight, coronal, axial and 3d T1-W se-
quences were acquired and MRI angiography was performed to delineate the abdominal and pelvic
vessels. All patients had unenhanced corticomedullary, nephrographic and urographic phases. For
diagnosis and optimal tumour assessment, MRI was considered the preferred imaging modality. A
high-resolution multiplanar scanner (Lightspeed 16-slice scanner, GE HealthCare) was used to ac-
quire CT images. The images were acquired at 2.5 or 5 mm slice thickness, depending on weight, after
intravenous iodinated contrast injection (Bracco Iopamiro 370 mg/ml) at a dose of 2 ml/kg body
weight; images were also reconstructed at 1.25 mm slice thickness. The DICOM images were pro-
cessed by Medics srl (www.medics3d.com, Turin, Italy) through dedicated software Mimics Medical
21.0 (Materialise, Leuven, Belgium) to perform Hyper Accuracy 3D reconstruction (HA3D®™). Both
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automatic and manual segmentation techniques were used to generate the 3DVR. When both CT scan
and MRI were present, HA3D® was performed from the CT scan using MRI as a comparison, other-
wise the T2 phase of the MRI was used. The renal pedicle and the tumour nourishing arteries were
reconstructed using the dynamic region growing technique and subsequently manually refined, and
the course of the extra- and intrarenal arteries up to the segmental arteries were reconstructed. The
renal parenchyma was segmented by means of selective thresholding, in which different voxels were
separated and grouped according to their grey value. The collecting system was segmented with the
thresholding technique in the excretory phase and subsequently realigned in the arterial phase to fit
the other reconstructed anatomical parts. Veins and tumour masses were instead reconstructed man-
ually. Ultimately, the HA3D® reconstruction is achieved at the conclusion of the segmentation process
and after proper post-processing using 3-matic Medical 13.0 (Materialise, Leuven, Belgium). To as-
sess the accuracy of the models in comparison with the images obtained, the virtual models were
jointly reviewed by bioengineers and urologists. The mathematical HA3D® model and the corre-
sponding interactive 3D PDF file was generated to allow navigation during preoperative and in-
traoperative surgical planning. A panel of three surgeons with experience in oncological surgery was
asked to individually evaluate the MRI and CT images and the 3D reconstructions for each patient
prior to surgery and shortly after surgery. In the pre-operative phase, the surgeons assessed the reli-
ability of the conventional diagnostic images compared to the 3DVR model in terms of specific ana-
tomical details (tumour extent and density, extra- and intraparenchymal arterial and venous vascu-
larisation, urinary tract). A specially designed seven-item questionnaire (Table 1) was employed.
Each question had 5 possible options according to the Likert scale (1, disagree; 2, disagree; 3, neutral;
4, agree; and 5, strongly agree). On the day of surgery, a laptop with all relevant radiological findings
was also available in the operating theatre. Intra-operative complications were documented. A post-
operative questionnaire was completed at the end of surgery regarding the quality and usefulness of
conventional imaging compared to 3DVR. The study was conducted according to good clinical prac-
tice guidelines. No formal institutional review board or ethics committee approval was required ac-
cording to Italian law (Agenzia Italiana del Farmaco Guidelines for Observational Studies, 20 March
2008). Statistics were performed as appropriate: dichotomous variables were expressed as rates and
percentages, while continuous variables were expressed as medians. Comparative analyses were per-
formed using Mann-Whitney tests for continuous variables. P values < 0.05 were considered signifi-
cant. Statistical analyses were performed with GraphPad Prism software (version 9, San Diego, CA).

Table 1. Comparison questionnaire on the usefulness of 2D imaging versus 3DVR.

IMAGING EVALUATION QUESTIONNAIRE
(Likert scale  1-2-3-4-5)
Is it possible to clearly see the extent of the tumour and its characteristics?

Is it possible to clearly identify the arterial vasculature and its intraparenchymal branches?

Can the venous vasculature, intraparenchymal branches and thrombosis presence be clearly
identified?
Is it possible to assess how the ureteral collecting system relates to the tumour and its possible

invasion?

Does this image help me decide whether or not to perform a nephron-sparing surgery?

Would it be useful to be able to view these images during surgery?

Did the anatomical findings during surgery reflect the preoperative imaging?

3. Results

Eight patients were included in our study (4 &, 4 ?) with a mean age of 74+66.03 (range 14-180)
months and mean weight of 25.40+22.20 (range 9.4-70) kg. Patient demographics, tumor
characteristics, and relevant technical outcomes for each patient are described in Table 2. Three
patients (Case #3, #5 and #7) received neoadjuvant chemotherapy according to SIOP Umbrella 2016
protocol, while Case #6, a patient with WAGR syndrome, was treated with chemotherapy for acute
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lymphoblastic leukaemia (ALL) (Berlin Frankfurt-Munich BEM protocol). All 8 patients were evaluated
with preoperative abdominal MRI, which required sedation in 6 (75%). CT scan was also performed in
7 (88%), 5 of which were potential candidates to NSS while 2 had complex vasculature anomalies and
venous thrombosis. Of those patients candidated to NSS, three (case #1, #2 and #4) had a well-
circumscribed and partially exophytic tumour respectively at the upper pole of the right kidney, the
lower pole of the left kidney (Bosniak cyst IV) and the mid-upper pole of the right kidney (Bosniak cyst
IIF), while the case # 6 had WAGR syndrome and case #8 had BWS with recurrent hilar-lower pole WT
after NSS surgery and 7 months post-operative rest. Eligibility for NSS was confirmed in the first three
patients after 3D vascular segmentation and assessment of the potential residual renal volume after

surgery (Figure 1).

Figure 1. Patients undergoing NSS, comparison of 2D and 3DR imaging.

Excluded were case #6, who underwent total nephroureterectomy, and case #8, in whom, after
initial evaluation of CT and MRI images, a 6-week course of chemotherapy (Vincristine VCR,
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Actinomycin D) was started, with subsequent re-evaluation of 2D and 3DVR images, which confirmed
the impossibility of successfully performing NSS. It was therefore decided to continue chemotherapy
and radiological surveillance in this last case (Figure 2).

Figure 2. 3DVR was useful and decisive in this complex case #8 to rule out the possibility of performing an NSS
given the location near the hilum, which would not have ruled out the need for a complete nephrectomy in a
patient with BWS.

Radical nephroureterectomy was the surgical choice in four patients (Figure 3):

-Case #3: One-year-old male child with a huge left renal mass with bilobed, inhomogeneous,
cystic, multi-chamber MRI appearance with distortion of the vessels and urinary tract. The mass was
unresponsive to neoadjuvat chemotherapy (VCR and Actinomycin D).

-Case #5: Four-year-old girl who came to Emergency for acute abdominal pain and
macrohaematuria. CT and MRI showed bilateral lung metastases, a large heterogeneous renal mass
of the right kidney and thrombosis of its venous system, together with congenital agenesis of the
inferior VCI, right renal vein draining in azygos continuation, and thrombosis extending into the
azygos vein. The patient underwent 6 cycles of chemotherapy according to the SIOP Umbrella 2016
protocol for stage IV (VCR, Actinomycin D, Doxorubicin). Restaging showed a good response to
chemotherapy with an 87% reduction in initial mass volume before the procedure and unchanged
thrombosis.

-Case # 6: Four-year-old girl with WAGR syndrome and ALL. Incidental finding at abdominal
CT of a localised renal mass of the left kidney in middle-lower pole compatible with WT. The girls
was treated for LLA with BEM protocol. During therapy an increased growth of the renal mass was
observed. 3DVR highlightened the invasion of the pelvis, and the inability to preserve clinically
significant residual parenchyma, therefore excluding the chance of NSS. Radical nephrectomy was
performed, and infiltration of the pelvis confirmed at histology.

-Case #7: Two-year-old patient with occasional finding of a huge mass starting from the lower
pole of the left kidney, on CT/MRI abdomen inhomogeneous structure with high cellularity and poor
contrast enhancement and some necrotic colliquative areas with associated thrombosis of the left
renal vein and inferior vena cava and secondary nodular localisations in the liver. Chemotherapy
according to the SIOP 2016 protocol for metastatic WT was administered. The patient failed to
respond and the disease progressed with secondary pulmonary lesions. Therefore, the decision was
made to continue chemotherapy according to the Umbrella 4-Drug-Regimen (HR-2) protocol. Pre-
operative re-evaluation using 2D imaging and 3DVR showed a significant reduction in pulmonary
and hepatic secondary disease and an 84.5% reduction in renal mass volume.
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Figure 3. Patients undergoing radical nephroureterectomy, comparison of 2D and 3DRV imaging.

The mean tumour volume at surgery was 26.67+5.50 ml in NSS versus 304.3+248.89 ml in radical
nephroureterectomy (p=0.1181), with a 92% agreement between the calculated tumor volume on the
3D reconstruction and the histological tumor volume, compared with 66% with conventional
imaging. Mean operative time was 186.7+32.14 (range 150-210) minutes for NSS and 330+87.55 (range
240-450) minutes for radical nephrourectomy (p=0.0454). No significant intraoperative bleeding was
reported. A single intraoperative complication Clavien-Dindo grade 1 was reported, an inadverted
lesion of the upper renal calyces which was soon sutured with no further complication.
Postoperatively a single Clavien-Dindo grade 3b complication was recorded, a bowel obstruction on
5th postoperative day due to ileo-colic intussusception, which eventually required laparotomy and
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reduction. In cases #3, #5, #6 and #7 which underwent radical nephrectomy, transient
antihypertensive therapy was started before surgery and was discontinued at discharge. Histological
examination of the tumor revealed four WT (3 neproureterectomy and 1 NSS), two CN (1
nephroureterectomy and 1 NSS) and one case of tubulocystic renal cell carcinoma (TRCC) (NSS).
Resection margins were unaffected in all cases. After NSS, ipsilateral renal function was preserved in
all cases at DMSA renal scan. The results of the questionnaire submitted to the surgeons are reported
in Table 3. The 3DVR showed a high grade of definition of the structure of the tumor (based on its
varying density) and of its relationships with the surrounding organs, which was enhanced by the
ability to make anatomical structures transparent or to eliminate them. 3DVR was regarded as
superior to conventional images in order to understand the patient-specific anatomy and in matching
the anatomical findings at surgery (p<0.0001). The possibility to move, rotate, zoom and make some
structures transparent was indeed considered by the surgeons a major advantage of the 3D virtual
model, which turned out to be very useful even during surgery. Furthermore, the 3D vessel models
allowed to visualise the intraparenchymal arteries up to the second or third segmental arterial branch
(p<0.0001), which was particularly important in NSS when accurate vessel segmentation allowed
selective arterial clamping and obviated the need of warm ischemia of the kidney. The level of detail
of the urinary collecting system was unfortunately significantly lower than the vessel model in both
3D and MRI/CT imaging modalities (p=0.0961). Overall surgeons considered the 3D models to be
supportive and complementary to conventional imaging with the aim of improving and optimising
the surgical treatment (p=0.0027, p<0.0001, p=0.0006 as shown in Table 4).

Table 2. Demographic, diagnostic and surgical data of patients affected by compless renal mass.

Case 1 2 3 4 5 6 7 8
Sex (M/F)  F M M M F F M F
Age 48 180 14 178 50 2 28 52
(months)
Weight 15 50 94 70 18 10.8 13 17
(kg)
Side f‘gh Left  Left Right  Right Left Left flgh
Posion =~ UP LP  UP+MP+LP II\D/IP"LU UP MP+LP LP LP
Volume
(ml) at 3 24 597 23 421 63 136 -
surgery
Syndrome - - - - - WAGR - BWS
MRI X X X X X X X X
CT scan X X - X X X X X
Vein
Thrombosi - - - - X - X -
S
ucsI - - - - - X - -
Sur RAL RAL Spe}rllr tom RAL Slper}Ir tom Slper}:r tom Slper}:r tom -
urgery NSS NSS ep eCto. NSS ep eCto ep eCto ep eCto
y y y y
Operative
time 210 200 240 150 450 310 320 -
(minutes)
TR
Histology @ WT C ¢ CN CN WT WT WT -

Tumor Volume calculated by elissoid volume formula ((width x length x height x 0.52); UP, upper pole, MP, mid

pole, LP, lower pole; (X) yes, (-) no; UCSI, urinary collecting system invasion.
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Table 3. Statistical analysis of the results of the questionnaire on the anatomical details obtained by comparing
the conventional images and the 3DVR images.

Anatomical structure 2D imaging 3DVR P-value
Tumor 3.4 (3-4) 4.8 (4-5) <0.0001
Arteries 3.6 (3-4) 4.9 (4-5) <0.0001
Veins 3.6 (3-4) 4.8 (4-5) .0004
Urinary collecting system 2.9 (2-4) 3.5 (3-5) .0961

Table 4. Evaluation of the accuracy and usefulness of imaging models to optimise the surgical approach.

6
5
4
3
2
1
0
Does this image help me decide  Would it be useful to be able to view Did the anatomical findings during
whether or not to perform a these images during surgery? surgery reflect the preoperative
nephron-sparing surgery? p<0.0001 p<0.0001 imaging? p=0.0005

2D imaging 3DVR

4. Discussion

Survival rates for paediatric renal tumours have improved considerably over the past decades.
Currently, long-term survival for localised WT (stage I to III) with favourable hystology is expected
to exceed 90% [9]. Despite the differences in treatment strategy between Europe and North America,
surgery remains a fundamental step in the multimodal management of these tumours in accordance
with the International Society for Paediatric Oncology (SIOP) and the National Wilms' Tumour Study
Group/Children Oncology Group (NWTSG-COG). In wunilateral WT, complete tumor
nephroureterectomy through a transabdominal approach is the standard of surgical care for both
SIOP and NWTS/COG treated patients, together with hilar and interaortocaval lymphnode
sampling for staging purposes [10]. This surgery is not devoid of complications: a review showed an
overall incidence of surgical complications of 19.8% and 12.7% in NWTS-3 and NWTS-4, respectively.
The most common complication was bowel obstruction, which occurred in 5-6.7% of patients,
followed by major intraoperative bleeding (1.9-6%), and intraoperative injury to other visceral organs
(including the bowel, liver and spleen) and vascular structures (2%). An increased risk of surgical
complications was associated with a tumour diameter of 10 cm or more. Patients who received pre-
operative treatment, as according to SIOP protocols, had a lower incidence of surgical
complications, estimated at around 8% [11]. Performance of NSS is a necessity in children presenting
with bilateral WT, and is recommended in syndromic patients with an increased risk of
metachronous development of ipsilateral or contralateral WT, in patients with a solitary kidney as
well as in patients who are at risk of kidney failure. In non-syndromic unilateral WT, NSS is not a
standard procedure. Potential benefits of NSS are the prevention of functional renal impairment and
ESRD [12], and reduction of cardiovascular morbidity and mortality into adulthood, due to
hypertension and the presence of a single kidney [13]. Despite some long-term follow-up data suggest
good renal function after unilateral radical nephrectomy, long term kidney injury in patients with
WT could be justified by reduced nephron mass by nephrectomy, nephrotoxic chemotherapy, and
abdominal radiation. On the other hand, potential risks of NSS include risks of positive surgical
margins and increased recurrence [14]. Recent protocols indicate nephron-sparing surgery (NSS) as
an alternative to radical nephrectomy in selected cases [15]. NSS is a technically demanding
procedure requiring a detailed preoperative knowledge of patient-specific renal anatomy and
intraparenchymal vasculature [16]. In order to ensure radical surgery with low morbidity and good
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oncological outcome, careful patient selection and preoperative planning are essential. CT and MRI
are the main imaging modalities for the evaluation of renal oncologic patients. In complex cases,
where anatomical relationships are difficult to identify, multimodality imaging is used to provide a
reliable diagnosis [17]. The gold standard for imaging of solid tumours is 2D planar imaging, which
requires the surgeon to 'mentally create’ a 3D model for surgical planning. In order to improve the
accuracy of surgical resection and prevent potential surgical complications, modern post-processing
techniques in combination with contrast agents can allow detailed assessment of the vasculature,
definition of the tumour and precise definition of anatomical relationships [18]. 3D technology covers
a wide range of possible applications, from realising a virtual 3D model, to printed 3D reconstruction
in different materials, to the possibility of creating augmented reality (AR) where a 3D model is
superimposed on a real-time surgical field, providing an exciting new opportunity to improve
surgical practice [19]. Patient-specific 3D anatomical models are widely used for preoperative
planning of NSS in adults. Several authors have evaluated the role of 3D virtual models before and
during robotic partial nephrectomy and demonstrated how this technology is helpful in improving
preoperative assessment of tumor complexity [20], avoiding global ischemia of the healthy renal
remnant [21], and reducing the loss of renal function assessed by renal scan [22]. Benefits of 3D
printed anatomical models have been further elucidated in adults, including reduced blood loss,
intraoperative complications [23] and improved patient education [24]. Overall, adult NSS experience
demonstrates the clinical role of novel 3DVR with perioperative and functional benefits. Further
studies are ongoing in the adult literature that will not only provide high quality evidence to define
the potential of 3DVR and printing for surgical planning, but will also create a new tool for
intraoperative surgical navigation. On the basis of preoperative CT, high-resolution 3D models of the
kidney and tumour are generated and then, thanks to a specially developed platform, the virtual
models overlap with the in vivo anatomy in a static and dynamic way, allowing for an augmented
reality robot-assisted partial nephrectomy [25]. This can offer an immersive surgical planning and
training experience, and potentially revolution how surgeons view medical imaging, prepare surgical
procedure and train young surgeons. This is a fascinating prospect. In children, there is a very limited
amount of data available on the value of 3D reconstruction in solid tumours. A recent review of the
use of 3D in paediatric oncology surgery [26] reported that the main benefits of 3D printing in
complex neuroblastoma included estimating the total resectable tumour volume [27] and
understanding the anatomical relationships between the tumour and vital structures [28]. The first
case series on the use of 3D reconstruction for renal tumours in children was described by Schenk et
al [29] in 7 children aged 1 month to 11 years: 3D visualisation with 3D animation of the situs helped
to transfer important information from the paediatric radiologist to the paediatric surgeon and to
optimise the surgical preparation. Giron-Vallejo et al. used MRI to develop a 3D printed model of a
bilateral Wilms' tumor in a 10-month-old infant with suspected Danys-Drash syndrome: the model
allowed a more precise assessment of the residual parechyma and led to a bilateral NSS, although it
did not allow to avoid postoperative complications such as urinary fistula and renal atrophy due to
vascular damage [30]. The same authors subsequently published a small series of 4 patients, 2 Wilms'
tumours and 2 neuroblastomas, in which the 3D printed model helped the surgeons to accurately
assess the expected risks during surgery, allowed them to practice before the planned surgery in
order to reduce surgical complications and proved to be a useful tool for information and education
of the family of the patients [31]. In these last two studies, MRI was used for 3DVR of Wilms' tumour,
while Fuchs et al [32] preferred CT for the development of a model for preoperative 3DVR and virtual
resections in 11 children with solid tumours, including 4 liver tumours and 4 unilateral WT. Girén-
Vallejo [30] reported that one of the main limitations of their model was poor vascular information,
not mentioned by other authors [32], but it is possible that poor quality of the original 2D image or
segmentation process contributed to this limitation. Both the 3DVR and the printed models provide
anatomical information about the tumour and the kidneys that may not be visible in the 2D image
alone. The reconstructed models allowed a better visualisation of the preserved amount of
parenchyma that was not correctly detected on MRI or CT in the studies by Girén-Vallejo [30] and
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Sanchez-Sanchez et al [31]. And Fuchs et al. reported that in one case, heminephrectomy seemed
possible after ultrasound and CT, but 3DVR showed infiltration in the renal pelvis and central organ,
indicating the need for tumour nephrectomy [32]. The same occurred in our series in case #6 with
WAGR syndrome, where NSS was excluded only after 3DVR showed infiltration of the renal pelvis
not seen on conventional imaging. Van der Zee et al [33] carried out retrospective 3DVR in 6 patients
with WT who had already undergone NSS. CT was required to visualise vascular structures and the
ureteral collecting system in 2 patients in addition to preoperative MRI The virtual resection was
performed after the actual resection was undertaken, and the surgeons found the virtual resection to
be straightforward. There was a large variation between surgeons in whether real surgical tumour
resection was considered difficult or not, and no clear opinion was derived for the usefulness of vir-
tual resection, but it is possible that the retrospective model of the study influenced the surgeons'
clinical relevance. Overall, according to the authors, 3D models and virtual resection allowed for a
more accurate prediction of residual renal volume and postoperative renal function, thus influencing
the choice of NSS, and could be used to predict possible surgical complications such as urinary leak-
age or positive resection margins. More recently, in 10 children with WT, Wellens et al. [34] used
either MRI or CT to develop a 3D model. A 3D printed model was then created for each patient and
compared to a mixed reality headset AR hologram and standard MRI/CT. In comparison to conven-
tional imaging, the 3D print and AR hologram models were judged by surgeons to be superior for all
anatomical structures. The largest series of 3DVR in pediatric oncology is the one described by Vinit
N. et al [35], which created a 3D models from preoperative MRI in more than 150 patients, and among
them 26 patients with pelvic tumors, 6 sacrococcygeal, 9 rhabdomyosarcomas (four bladder prostate,
two vagina, one urachal and two pelvic), nine neurogenic tumors (seven neuroblastomas, two gan-
glioneuromas), two neurofibromas and ten Wilms tumors. The Authors built a dataset of 3 T MRI
images and developed automatic segmentation tools based on deep learning approaches, which were
particularly focused to obtain a more efficient representation of the peripheral nerve network (lum-
bosacral plexus). During surgery, the 3D model was projected onto screens in the operating room
or integrated into the console of the robotic system. Surgeons and residents where then asked to
evaluate their perception of the anatomy regarding organs, arteries, veins and tumors, the relation-
ships between the tumor and the surrounding structures: especially residents agreed that 3D models
improved their understanding of the anatomy and of the surgical procedure. The present series is a
further confirmation of the usefulness of 3D in preoperative planning for WT in children. Due to non
negligeable costs of 3D imaging, we decided to obtain a 3DVR only in selected patients with renal
tumours, namely those with complex anatomy or who were potential candidates for NSS. Similarly
to other Authors, we performed both MRI and CT in the majority of our patients in order to obtain
high quality 2D images. An insufficient quality of the MRI or CT, in particular the lack of an exscre-
tory phase, or difficulties in the segmentation process could have led to an insufficient 3DVR model.
The selection criteria for NSS were strictly adhered to those defined in the Umbrella protocol (SIOP
RTSG 2016 Umbrella) and were evaluated on the 3D reconstructions, namely tumour confined to one
pole of the kidney or peripheral in the middle of the kidney, volume <300 mL, no preoperative rup-
ture, no intraluminal tumour on preoperative imaging in the renal pelvis, no invasion of surrounding
organs, no thrombus in the renal vein or vena cava, excision feasible with oncologically safe margins,
the renal remnant expected to have significant residual function. In agreement with previous Au-
thors [36] who found 3DVR to be more accurate and reproducible than conventional 2D methods, in
particular we found a 92% agreement between 3D and histological tumour volume compared to 66%
using conventional imaging. Furthermore in two cases potentially candidate to NSS, this surgical
option was deemed as not feasible after evaluation of 3DVR. The perception of surgeons was that
3DVR was a useful tool in defining the relationship of the tumour with the other organs, its vascular
supply and its relationship to the urinary tract. In patients where NSS was performed, either in open
or robotic assisted surgery, selective arterial clamping was always possible, therefore obviating the
need of ischemia of the renal residual parenchyma. Furthermore, the assessment of surgical and pato-
logical resection margins showed no case of tumour breach. Throughout the whole series, including
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total nephrectomy and NSS, intraoperative complications were negligible, although the specific role
of 3DVR cannot be assessed. We chose not to print the 3D model because of the need to limit costs
and because virtual reconstruction has the ability to make some structures transparent and disappear,
which was considered particularly valuable even intraoperatively to visualise deep structures. This
study has some limitations which must be acknowledged. Firstly, the small number of patients did
not allow a precise statistical analysis. However, this limited number was due to the strict selection
of patients who were candidates for 3DVR and is not far from similar series, as the majority of papers
dealing with 3D in renal tumours in children have a numerosity of less than 10 cases. Secondly, the
comparison of 2D, 3DR and surgical findings was performed by the operating surgeons and not by
an independent observer. The assessment of 3DVR in the questionnaire may have been biased as a
result. However, similar questionnaires have been proposed, with similar results by Chaussy et al
and Vinit et al [35,37]. The use of 3DVR technology is still not standardised in clinical practice and
there are still challenges to its wider adoption due to high cost and expertise requirements. There is
a urgent need for multicentre studies to realise the full potential of these technologies, with prospec-
tive evaluations of larger cohorts of patients.

5. Conclusions

Three-dimensional virtual models, which have gained popularity in adult oncological urology,
are far from being the standard of care for children with WT. These models are indeed easy to under-
stand, rich in anatomical details and may help surgeons to better anticipate the risks of surgery and
to select patients candidates for NSS. They are a significat step towards precise patient-specific med-
icine. Our limited experience is consistent with the few data available in the literature and highlights
the advantages of this technology, which can be applied in a wide range of settings, from preopera-
tive surgical planning to training of young surgeons and communication with the patient and family.
At present, the main barriers to the widespread use of 3D models are the need for standardisation of
2D imaging, automation of the segmentation process, high cost and the need for a high level of ex-
pertise. Being guided by 3DVR during surgery and performing procedures in augmented reality is
an exciting prospect for the future. Standardised and widespread use of 3DVR in children with renal
oncology, to familiarise with the new technology, can be the first step towards this future.
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