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Purpose. Due to the size and localization of Wilms’ tumor (WT), nephron-sparing surgery (NSS) is only possible in a limited
number of cases. When NSS is considered, the surgeon preoperatively requires a thorough understanding of the patient-specific
anatomy to prevent positive surgical margins and other complications. /rough a collaboration between the radiology and
pediatric surgery departments and 3D imaging specialists, a 3D visualization workflow was developed to improve preoperative
planning of NSS for WTpatients. Methods. /e 3D visualization workflow combines a MRA sequence, a segmentation protocol,
and augmented reality (AR) visualization, additional to in-house 3D printing. A noncontrast-enhanced MRA scan was added to
the MRI protocol. MRI sequences were segmented with a segmentation protocol in an open-source software package. /e
resulting 3Dmodels were visualized in ARwith a HoloLens and 3D print. Results. In a pilot study, fiveWTpatients eligible for NSS
were preoperatively planned through the 3D visualization workflow. AR visualization software was fast and free to use and allowed
adequate handling of the 3D holograms. /e 3D printed models were considered convenient and practical for intraoperative
orientation. /e patient-friendly, fast, and low-cost 3D visualization workflow was easily implemented and appeared to be
valuable for the preparation of NSS. Conclusion. /is pilot study demonstrates how a strong collaboration between the pediatric
surgery and radiology departments and 3D imaging specialists will help to shape the future of pediatric oncological surgery. /is
3D visualization workflow aims to prepare pediatric oncological surgeons for nephron-sparing surgery in patients with
Wilms’ tumors.

1. Introduction

Wilms’ tumor (WT) is the second most common abdominal
pediatric tumor in Europe, with children being diagnosed at
a median age of approximately 3.5 years [1]. In accordance
with the International Society for Pediatric Oncolo-
gy—Renal Tumor Study Group (SIOP-RTSG) Umbrella
treatment protocol, therapy generally consists of neo-
adjuvant chemotherapy, followed by radical nephrectomy
and adjuvant chemotherapy [2]. In contrast to a radical

nephrectomy for local treatment, nephron-sparing surgery
(NSS) can be used for nephrogenic preservation. /is helps
to protect the patient from excessive functional parenchymal
loss in the future [3]. NSS is a technically demanding
procedure and it requires a thorough preoperative under-
standing of the patient-specific renal anatomy and intra-
parenchymal vasculature [4]. Patients with bilateral disease,
with or without a predisposing syndrome, might be eligible
for NSS depending on the tumor location, size, and infil-
tration. Due to the risk of a positive surgical margin with
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NSS, unilateral nonsyndromic patients are treated with a
radical nephrectomy. However, in order to prevent late
effects of a radical nephrectomy at a young age, these pa-
tients might be still considered for NSS if they have a small
lesion at a favorable location at the moment of diagnosis [2].
/erefore, careful selection and preoperative planning are
crucial to ensure a positive oncological outcome in com-
bination with low morbidity.

For the preoperative planning of NSS, patient-specific
3-dimensional (3D) anatomical models are increasingly
used [5–7]. /is is due to the improved and more ac-
cessible imaging, segmentation, and visualization tech-
niques. 3D printing is a visualization technique which can
be used to visualize these patient-specific models. /e
positive effects of 3D printed anatomical models in adults
have been described and include reducing blood loss,
reducing intraoperative complications, and improving
patient education [5]. In renal surgery for pediatric on-
cology, 3D printed anatomical models are not frequently
used and if so, only on a case-by-case basis [3, 8–11].
Regarding NSS, 3D printed models are mainly useful for
assisting in planning the vascular dissection. However, the
vasculature information in current 3D models remains
poor, primarily due to low image quality [8]. Retro-
spectively, personalized 3D anatomical models have
shown a significant improvement of the anatomical un-
derstanding for the renal artery, vein, tumor, and urinary
collecting system and may potentially help pediatric
surgeons prepare for NSS [12]. /e models were limited
due to low image quality and modelling techniques which
are labor-intensive, require a long processing time, and
are expensive.

High-quality imaging is crucial for high-fidelity anatomical
models, as the imaging quality primarily determines the model
quality. Preoperative magnetic resonance imaging (MRI) is
already a vital part of the SIOP-RTSG Umbrella treatment
protocol and can be used for 3D visualization, as Wake et al.
have previously shown for renal cancer in adults [13]. An
additional computed tomography angiography (CTA) scan can
be performed for high quality arterial imaging, yet it is un-
desirable due to the radiation and contrast administration.
Moreover, an additional CTA scan prolongs the preoperative
workup which is already considered highly stressful for pe-
diatric patients. /erefore, techniques solely based on the
preoperativeMRI are favorable.Wake et al. reported challenges
in standardized high-resolution imaging and were also limited
by the manual segmentation procedure. Image processing took
around 7 hours and 3D printing costs were around $1000 (US
dollar) per model. To overcome these limitations, our aim is to
develop a 3D visualization workflow in which imaging, seg-
mentation, and visualization techniques are combined, to suit
the specific preoperative requirements needed for planning
NSS of WT in pediatric patients.

2. Materials and Methods

In close collaboration with the departments of radiology and
pediatric surgery, 3D imaging specialists have designed a
new 3D visualization workflow for the preoperative

planning of NSS in WT patients. In this workflow, we
addressed the limitations in usability and model quality
previously described in literature. An overview of the pro-
posed workflow is given in Figure 1. /e following sections
describe the employment of the noncontrast-enhanced
MRA (NC-MRA) sequence, segmentation protocol, and
visualization with Augmented Reality (AR) and with 3D
printing.

2.1. Imaging. /e standard pediatric kidney tumor MRI
protocol was performed at presentation and after the neo-
adjuvant chemotherapy in accordance with the SIOP-RTSG
Umbrella protocol. A 1.5 Tesla system (Achieva, Philips
Medical Systems, Best, Netherlands) was used for all pa-
tients. /e imaging protocol consisted of coronal 3D T2-
weighted (-W) sequence, fat-suppressed T1-W sequence,
diffusion-weighted imaging (b values of at least 0, 100, and
800 s/mm2), and a fat-suppressed T2-W sequence. Before
administering the contrast agent, the NC-MRA sequence
was acquired. During the administration of intravenous
contrast (Gadovist, Bayer Pharma, Berlin, Germany, at a
dose of 0.1mmol/kg body weight), a 4D contrast-enhanced
MRA was acquired, after which a postcontrast fat-sup-
pressed T1-W sequence was performed. Children were
awake, sedated, or under anesthesia depending on their
ability to cooperate. Hyoscine butylbromide (Buscopan,
Boehringer Ingelheim Limited, Bracknell, UK) was ad-
ministered at an intravenous dose of 0.4mg/kg body weight
to reduce the peristaltic artefacts.

/e used NC-MRA is an inflow-enhanced balanced
Steady State Free Precession (b-SSFP) sequence. /is se-
quence has a unique T2/T1 contrast, which has a high
contrast for blood. /e sequence is scanned with a high
reconstructed resolution (0.56, 0.56, 1mm), takes 3–5
minutes to scan, is independent of direction, and does not
require a contrast agent. An inversion time (TI) of 450ms
was used. If 450ms was not possible due to a fast heart rate,
the TI was lowered based on the maximal allowed TI (90% of
the R-R interval). /e cardiac trigger was set on a heartbeat
measured preferably with a three-lead electrocardiogram or
else with a physiological pulse unit. /e transverse field of
view (FOV) was set parallel to the renal artery of the affected
kidney in the coronal view using the 3D T2-W sequence./e
FOV encompasses the complete intraparenchymal arterial
branch. A saturation band was positioned below the lower
pole of the kidneys and a fat saturation band was positioned
at the ventral aspect of the abdomen./is allowed saturation
of signal from the vena cava and abdominal fat.

2.2. Segmentation. A selection of the MRI sequences (3D
T2-W, NC-MRA, postcontrast fat-suppressed T1-W) was
used to perform the segmentation in open-source software
package 3D Slicer 4.10.2. A standardized protocol was de-
veloped for the segmentation of the arteries, veins, urine
collecting system (UCS), tumor, and kidney. Firstly, the NC-
MRA sequence was used to compute the segmentation of the
arteries through an intensity-based threshold technique./e
“scissor” tool was used to remove artefacts and the resulting
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model was smoothed with a Gaussian filter. /e arterial
segmentation was used as an overlay in the T2-W sequence
in order to differentiate intraparenchymal arteries and veins.
Subsequently, the veins and UCS were segmented with an
intensity-based brush in the aforementioned sequence. /e
postcontrast fat-suppressed T1-W sequence was used for the
segmentation of the tumor and kidney with a Grow-Cut
algorithm [14]. /is algorithm uses labels in the area of the
tumor, kidney, and background in several slices in order to
compute the border between the three labels. /e results
were filtered with a joint-smoothing filter. Any under- or
oversegmentations were manually corrected. /e resulting
segmentations were exported as a stereolithography (.STL)
file.

2.3.Visualization. In order to visualize the 3Dmodels in the
.STL format, the T2-W images (DICOM format) were added
to AR software developed in Unity 5.5.2 (Unity Technolo-
gies, San Francisco, CA, USA). AR software ensured that the
3D models and MRI images were spatially aligned. Subse-
quently, AR software computed a patient-specific container
which could be uploaded to a visualization library installed
on the head-mounted display.

Preoperatively, the surgeon reviewed the patient-specific
AR hologram in a real-world setting to prepare for surgery.
/e surgeon had full control over the hologram: the surgeon
could translate, rotate, and scale the hologram. Additionally,
the transparency of the individual anatomical models could
be adjusted, and the individual models could be removed. It
was possible to look at the T2-W MRI in three different
planes (transverse, sagittal, and coronal) in order to correlate
the orientation of the 3D models with the more commonly
known MRI images. /e AR-display from the HoloLens

could be shared on a PC through a live stream to allow for an
interactive discussion by the user and observers. /is vi-
sualization technique has been free of costs after develop-
ment of software and purchasing the HoloLens.

To create physical anatomical models, an Ultimaker S5
dual-extrusion printer was used with a Fused Filament
Fabrication technique. To allow visualization of the renal
pelvis, the 3D modelled kidney could be bisected in
Meshmixer 3.5.474 (Autodesk, Inc., San Francisco, CA,
USA) with a plane cut prior to printing./e resultingmodels
were printed with a fine layer profile of 0.1mm thick, infill
density of 30% (zigzag infill pattern), and support overhang
angle of 60°. /e models were printed with two different
colors which allowed us to improve the contrast of specific
anatomical regions. 3D printed models allowed the surgeons
to get a sense of the tumor size, and the model could be taken
into the OR by an assistant to help the surgeon navigate
during the procedure.

3. Results

Between May 2019 and August 2019, a pilot study was
performed. Five patients were considered for NSS, and their
surgeries were preoperatively planned with the 3D visuali-
zation workflow in addition to the standard protocol. /e
patients’ ages ranged from 2 to 8 years (mean 5.2± 1.4 years).
Patient demographics, tumor characteristics, and relevant
technical outcomes for each patient are described in Table 1.

/e mean additional scanning time required for the NC-
MRA sequence was 04:12± 00:36 minutes. /e mean seg-
mentation time was 41± 19 minutes, which seemed closely
correlated to the number and size of the lesions. /e mean
volume of the resulting tumor 3D model was 12.2± 20.5ml
per lesion. Average 3D printing time was roughly 20 hours.

Diagnosis Preoperative MRI Segmentation

SurgeryPlanningVisualization

Figure 1: Schematic overview of the proposed preoperative 3D visualization workflow. After diagnosis and neoadjuvant chemotherapy, a
WT patient receives a preoperative MRI. A high-resolution noncontrast-enhanced MRA sequence is added to the protocol to allow for
visualization of the intraparenchymal arteries. /e MRI scans are segmented through a standardized segmentation protocol in 3D Slicer
resulting in patient-specific 3D anatomical models. /e 3D models are displayed for preoperative planning in augmented reality through a
HoloLens. 3D printed models can be brought inside the operating theater.
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Manual removal of supporting structures during the post-
processing took about half an hour.

/e MRA sequence added to the preoperative MRI was
successful in all patients./e segmentation and visualization
in AR were performed within a day after the preoperative
MRI. Figure 2 shows a 2D rendering in 3D Slicer, a 3D
hologram visualized with the head-mounted display, and a
3D print of a 3D anatomical model, all of the same patient.
/e 3D printers generally printed the models overnight
allowing ample time for the surgical team to assess the 3D
models. /e arterial models visualized the intraparenchymal
arteries up to the second or third segmental arterial branch.
/e level of detail of the vein and UCS 3D models was
noticeably less than the level of detail of the arterial models.
However, surgeons considered the vein and UCS 3D models
supportive and additional to the MRI imaging.

/e AR visualization allowed the surgeons to assess the
depth of resection with regard to renal arteries, veins, and
UCS. Being able to scale, move, rotate, and walk around the
hologram was very useful for the understanding of the
patient-specific anatomy. Intraoperatively, an assistant
showed the 3D printed models to visualize the location and
rotation of the tumor in relation to the renal parenchyma.
/is proved to be mainly useful in the patients with multiple
lesions.

4. Discussion

A combined imaging, protocolled segmentation, and visu-
alization workflow resulted in patient-specific 3D anatom-
ical models for the preoperative planning of WT patients.
/e 3D visualization workflow aimed to help pediatric
surgeons improve their understanding of anatomical rela-
tionships and orientation. Because of the preparation time of
about 1 hour and a printing time of 20 hours, this 3D vi-
sualization workflow can be completed within a limited
timeframe of two days between the preoperative MRI and
surgery. Additionally, it is inexpensive as the head-mounted

display costs 3000 euros, and all software packages are open-
source or self-developed. Limitations in previous studies on
3D modelling for WT included low image quality, long
segmentation, and long visualization processing. Wake et al.
reported a 3D printing cost per model of ±$1000 (US
dollars), a segmentation time of ±7 hours, and 3D printing
time of ±10 hours [13]. Wellens et al. reported an average
cost of $400 USD per printed model and a segmentation and
3D printing manufacturing time of 4 to 5 days [12]. In this
pilot study, we have addressed these limitations through the
development of our own innovative workflow in collabo-
ration with the departments of pediatric surgery, radiology,
and 3D imaging specialists. /e segmentation protocol of
the workflow allowed for fast 3D modelling and the Hol-
oLens proved to be a fast and useful visualization tool. Our
3D printing technique was slow (±20 hours) because of the
fine layer profile (0.1mm thickness). Increasing the layer
profile would decrease the printing time significantly. Our
in-house 3D printer is limited in color and materials, yet it
was of sufficient quality, and with an average price of ±3.50
euros and machine cost of 5500 euros, it was considered a
sustainable technique.

It is difficult to quantify the advantages of 3D anatomical
models for the preoperative planning of NSS for WT. An
increase in surgical confidence for NSS for WT has been
shown retrospectively [12], but quantifying the advantage
remains subjective [12]. In adults, 3D printed renal models
based on preoperative MRI scans could help during surgical
decision-making [6]. Moreover, 3D printed models did
allow adult surgeons to improve their translation from 2D
CT and MRI data into 3D anatomical relationships, which
appeared more relevant in smaller lesions [15]. Although the
results from these studies may not be directly applicable to
children because image quality is generally superior in adults
[16], we expect that 3D printed models could help in the
preparation of pediatric oncologic surgery. /e clinical
advantage of the described 3D visualization workflow for
children may be quantified in the future. We need to

Table 1: Preoperative patient demographics, tumor characteristics, and pathologic outcomes for each patient together with the noncontrast-
enhanced MRA (NC-MRA) scanning duration, the duration of the complete segmentation, the tumor volume derived through 3D Slicer,
and 3D printing time and costs.

Patient 1 Patient 2 Patient 3 Patient 4 Patient 5
Gender (M/F) F F M F F
Age (Y) 8 2 4 5 3

Disease Unifocal
right

Unifocal right, bilateral
nephroblastomatosis Unifocal left Bilateral,

multifocal
Bilateral,

nephroblastomatosis

Syndrome — Beckwith–Wiedemann syndrome 16p12.2
deletion — WT-1 mutation

Procedure NSS NSS NSS NSS NSS
NC-MRA scanning
duration (min: sec) 04:50 03:55 03:55 04:50 03:28

Segmentation time (min) 29 41 34 73 28
Volume tumor
segmentation (ml) 1.4 4.0 69.2 24; 17; 1.2; 0.3; 3.4;

11.6; 0.12 2.3

3D printing time
(hours:min) 18:39 15:41 16:39 31:26 18:10

3D printing cost (€) 3.58 2.57 3.06 5.80 3.27
NSS�nephron-sparing surgery.
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understand how 3D modelling for preoperative planning
influences pediatric surgical decision-making and confi-
dence in order to understand how these models benefit our
patients.

/e proposed workflow appears useful during the
preparation of NSS for bilateral or syndromic WT patients.
In unilateral nonsyndromic patients, NSS is only performed
in a very specific group of patients as controversies arise due
to the inherent increased risk of positive surgical margins
[3]. Current figures report a positive surgical margin of the
sparingly removed tumor masses (treated with the Chil-
dren’s Oncology Group protocol) between 15.7% and 31%
[17, 18]. In accordance with the SIOP-RTSG Umbrella
protocol, in the case of a positive surgical margin these
young patients will need additional chemotherapy and
possibly radiotherapy. In most cases, it is unknown how
these positive margins occurred. /e 3D visualization
workflow may help surgeons to better understand compli-
cated pathologic and anatomic regions and give an improved
insight on where and how these positive margins occur.
Additionally, 3D modelling may assist during the difficult
patient selection for NSS through an increased under-
standing of the patient’s anatomy. /is twofold advantage
might lead to fewer positive surgical margins and improved
oncological outcomes.

In order to achieve improved clinical outcomes, all
anatomical structures require a high-fidelity 3D model.
However, the segmentation of the veins and UCS remains a
manual and problematic task. /e overlay of the arterial
segmentation helps to differentiate between arterial and
venous vasculature. Currently, this technique is insufficient
for the accurate segmentation of intraparenchymal veins,
likely due to intrasequential movement. /e UCS was dif-
ficult to segment, as the full extent of the UCS is generally
difficult to appreciate with standard imaging. More specific
noncontrast imaging techniques such as noncontrast-en-
hanced MRVenography based on b-SSFP and MRUrog-
raphy may help further improve the model quality and may
speed up the segmentation. NC-MRV has the additional
potential to allow for assessment of venous tumor thrombi
[19]. Nevertheless, the arterial model is considered to have
the highest surgical value as this is the most relevant for NSS

[4]. For this reason, despite the low model quality of the
veins and UCS, the overall models were considered to be of
sufficient value and usability.

In addition to accurate segmentations, the visualization
of patient-specific 3D models is paramount to how the
models are understood. Augmented reality visualization
through a HoloLens offered a viable and fast technique for
the visualization. A hologram is computed more easily and
less costly in comparison to 3D printing. However, there is
no consensus on whether there is a significant clinical ad-
vantage to the use of AR instead of other visualization
techniques such as 3D printing, 2D rendering on a computer
monitor, or volume-rendering. Previously, no significant
difference between 3D visualization techniques (AR or 3D
printing) was found for WT patient-specific models [12].
However, we currently believe AR is the most desirable
visualization technique due to the opportunity to develop
Mixed Reality concepts. In the future, the HoloLens could
allow intraoperative kidney-model matching. Mixed Reality
models are used in adult laparoscopic renal surgery through
registration of the 3Dmodel with the laparoscopic image [7].
With Mixed Reality, rigid matching through an anatomical
landmark registration has been described for open visceral
surgery [20]. However, to the best of our knowledge, Mixed
Reality for open renal surgery has not been described yet. In
the context of NSS, this would allow the surgeon to get a
sense of depth and infiltration of the tumor, and super-
imposing vasculature could assist surgeons to determine the
resection margins.

Our pilot study is limited by the lack of evaluation of
these anatomical models. A subjective analysis through
questionnaires was not performed. However, we aimed to
use novel imaging and visualization techniques and im-
plement them into clinical care. /e technique has been
improved and should be further evaluated through the
prospective use of the aforementioned questionnaires. Ad-
ditionally, the 3D models should be compared with the
pathology specimens in order to quantify the accuracy of the
3D models.

In the future, we aim to implement and evaluate 3D
imaging technology in pediatric oncologic surgery as the
standard of care and evaluate the added value. Additionally,

(a) (b) (c)

Figure 2: /ree different visualization techniques for the MRI-based 3D models of patient 3. /e patient has a transposition of the inferior
vena cava below the superior mesenteric artery. (a) 2D screenshot of 3D rendering in 3D Slicer with a coronal T2-weighted MRI slice. (b)
Augmented reality through the head-mounted display (HoloLens), holding the blue “cube” which allows for translation of the hologram. (c)
3D printed model printed with polylactic acid in Ultimaker S5, and the kidney is bisected.

Journal of Healthcare Engineering 5



we aim to develop more automated segmentation proce-
dures for WT patients and work towards the use of intra-
operative holograms through Mixed Reality.

5. Conclusions

/is pilot study demonstrates how a strong collaboration
between the pediatric surgery and radiology departments
and 3D imaging specialists will help to shape the future of
pediatric oncological surgery. A combination of specific
high-resolution MRI sequences, protocolled segmentation
techniques, and AR visualization improved the visualization
for the preoperative planning of pediatric renal tumors. /is
designed 3D visualization workflow is an easily imple-
mentable technique to help pediatric oncological surgeons
prepare for nephron-sparing surgery in patients withWilms’
tumors.
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