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Abstract
Three-dimensional (3D) virtual reconstruction (VR) in the medical sciences has 
emerged as a novel, exciting and effective tool, with promising results for patients, 
trainees, and even experienced surgeons. The purpose of this review is to summarize 
the information on the clinical value and applications of 3D VR in renal tumors 
published in the last ten years. A literary search of PubMed-MEDLINE databases 
was performed to identify studies reporting the clinical application and usefulness 
of 3D VR models in renal tumors. Thirty-seven studies were found to meet the 
selection criteria and were included in the analysis. Most studies have provided a 
quantitative assessment focused on the accuracy of 3D VR models in replication 
of anatomy and renal tumor, on measuring 3D tumor volume and on the clinical 
value and utility of 3D VR in pre-surgical planning and simulation of renal 
procedures, with significant reductions of intraoperative complications. Fourteen 
studies provided a qualitative assessment of the usefulness of 3D VR models, with 
results showing an improved patient understanding of renal anatomy and pathology, 
improved undergraduate and postgraduate urology education. Moreover, 3D 
printing technology is a novel technique, and we are currently in the dynamic era, 
expanding into new surgical nephron-sparing procedures and the development of 
printed kidneys for transplantation.
Keywords: renal tumor, virtual reconstruction (VR), three-dimensional (3D) renal 
models, application

Introduction
The application of three-

dimensional (3D) virtual reconstruction 
(VR) in the medical sciences from a 
standard two-dimensional (2D) cross-
sectional image processing has become 
increasingly used, as it has been shown 
it accurately reproduces anatomical 
structures and pathologies, providing 
more information which cannot always be 
supported only by conventional imaging 
visualizations [1,2]. In the urology field, 
the 3D VR has gained much attention 
especially in the development of models 
for planning or simulation complex 
surgical procedures, focusing mainly on 
renal cancer, kidney transplantation and 
nephrolithiasis [3,4]. 

There are two main imaging 
techniques that are used for the generation 

of 3D renal models, which are CT and MRI 
[5,6]. Computed tomography imaging 
(CT) has long been established as the gold 
standard imaging for renal tumors [7]. 
Magnetic resonance imaging (MRI) is an 
attractive alternative because it provides an 
excellent combination of soft-tissue detail 
and radiation-free imaging, but remains 
used only as a tool for characterizing 
indeterminate renal tumors on CT and in 
patients where CT is contraindicated due to 
impaired renal function [8]. 

To get a more comprehensive 
view of renal tumors, creating 3D VR 
models that show the anatomy of the 
kidney and tumor, it is possible to facilitate 
the surgeons’ better understanding of 
patients’ oncological conditions, better 
communication with patients and more 
advanced surgical training allowing the 
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surgeon to manipulate the model before surgery, reducing the 
need for surgical experience and also a better understanding 
of the  relation of the tumors with other structures such as 
vessels or excretory cavities [9]. As the field of urology 
moves away from open, radical nephrectomy to minimally 
invasive and laparoscopic and robot-assisted techniques, 
surgeons and trainees often do not get a tactile familiarity 
with the tumor until it is removed, and therefore a 3D model 
would be very useful for the practice [10,11]. 

The aim of this systematic review is to survey and 
analyze the current literature related to the clinical value and 
applications of 3D VR on renal tumors. Our main goal was 
threefold: first, to systematically review the accuracy of 3D 
VR in the delimitation of renal anatomy and renal tumor, 
second, to systematically review the clinical value and utility 
of 3D VR in pre-surgical planning and simulation of renal 
procedures, and third, to systematically review the usefulness 
of 3D virtual kidney models in patient or medical education 
and patient-doctor communication.

Methods 
This systematic review was performed in accordance 

with the Preferred Reporting Items for Systematic Reviews 
and Meta-Analysis (PRISMA) guidelines [12]. No ethics 
committee approval was necessary due to the nature of this 
study.

Search strategy
A comprehensive literature research was conducted 

to assess the current use of 3D VR in renal tumors. We have 
searched the PubMed-MEDLINE database for the last 10 
years (last search: December, 2020) using keywords for the 
relevant literature to capture recent trends in clinical practice. 
The search strategy included the following terms in isolation 
or combination: “Three-dimensional”, “3D”, “virtual 
reconstruction”, “virtual models”, “renal cell carcinoma”, 
“renal tumor”, “renal cancer “, “three-dimensional printing”, 
and “3D printed models”.  The results were limited to articles 
written in English. 

Eligibility criteria 
To be eligible for the analysis, studies had to meet 

the following criteria: (a) the accuracy of 3D VR models 
in delineating renal anatomy and renal tumors; (b) the 
usefulness of 3D VR models in pre-surgical planning and 
simulation of renal procedures; (c) the usefulness of 3D VR 
models in patient or medical education and in patient-doctor 
communication. 

Data extraction
The initial screening for the identification of potentially 

eligible articles was performed by two independent readers 
(C.-G. M. and A.L.). The screening was made only based 
on the title and abstract of all independently identified 
references. Once all the relevant literature was collected, 
each study was analyzed and read in detail to identify and 
extract the discussions. This includes the accuracy of 3D 
VR to reproduce anatomical structures and renal tumors, 
usefulness and feasibility in medical education, simulation 

in surgical training and planning of renal procedures. The 
details of each publication were checked to avoid duplicates 
and any differences were resolved by consensus.

The following characteristics of the study were 
extracted: first author’s name, year of publication, imaging 
methods used for 3D imaging reconstruction, software used 
for image segmentation, study sample size / participants, 
study proposal and main key findings of the study. 

Results
Literature search outcomes
The initial literature search retrieved a total of 112 

potentially eligible articles. However, only 77 titles and 
abstracts were screened as most of them were found to be 
irrelevant for the topic. Of these 77 articles, 43 articles were 
excluded as they did not meet our eligibility criteria. Finally, 
34 articles were included into the analysis. Three additional 
articles were added from a review of references / citations 
from other articles, leading to a total of 37 full-text articles 
included in final systematic review. Figure 1 presents the 
flow chart showing the research literature strategy to identify 
the eligible studies.

Figure 1. Flow chart showing strategy to identify eligible studies.

Study characteristics
Out of the 37 studies analyzed, twenty-three [13-

35] reported the usefulness and applications of virtual 
and printed 3D kidney models in “surgical planning” and 
“surgical training”. Fourteen [36-49] of these were cross-
sectional studies, mainly surveying the impact of 3D models 
in understanding renal anatomy and renal tumor by young 
surgeons, medical students and patients. Table I is a summary 
of study characteristics of the use of 3D VR models in renal 
tumors.
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Table I. Summary of findings of the 37 studies reviewed.

First Author 
and Year of 
Publication

Imaging 
Modalities 
Used for 
3D Imaging 
Recon-
struction

Software 
Used for 
Image 
Segmen-
tation

Study 
Sample Size/
Participants

Study Purpose Key Findings

Knoedler et al. 
2015 [45] CT Software N/A 6 patients/28 

participants

The usefulness of 3D-printed 
renal models with enhancing 
masses on junior medics’ 
understandings, localizations, 
and characterizations of renal 
tumors

•	 3D-printed models improved trainee 
nephrectomy accuracy rating significantly 
compared to CT images (p < 0.01) 
•	 Implementation of 3D-printed kidney 
models can improve junior medical 
understanding and characterization of renal 
pathology

Silberstein et 
al. 2014 [46] CT Software N/A 5 patients

The usefulness of 
3D-printed kidney models 
with enhancing lesions 
on education of trainees, 
patients, and surgeons 
for characterization and 
management of RCC

•	 Medical trainees showed improvement in 
their understanding of tumor characteristics 
and anatomical relationships
•	 Patients and patients’ families suggested 
an improvement in their comprehension of 
their condition and the location and size of 
the tumor, alongside the planned surgery

Belenchón et 
al. 2020 [13] CT MeshMixer® 

and  Cura® 7 patients

The efficacy and efficiency 
of surgery planning with 3D 
models of RCC with venous 
tumor thrombus extension 
compared to the standard 
images

•	 All the relevant anatomical structures 
were correctly identified, the 3D final 
models were proved to be reproducible, 
accurate compared to the CT, and suitable 
for surgery simulation

Durso et al. 
2014 [19] CT

Aquarius 
iNtuitionTM

Edition 
(Terarecon, 
California)

28 patients

The usefulness of 3D 
reconstruction volume 
in determining renal 
parenchymal volumes and 
renal tumor volumes

•	 3D reconstruction volume provides a 
highly reliable way of assessing kidney 
volumes and provides a more accurate, 
reproducible, and clinically useful tool for 
urologists

Fan et al. 2019 
[40] CT

Mimics 18.0 
(Materialise, 
Leuven, 
Belgium)

127 patients

The efficacy of 3D printing 
physical model-assisted 
laparoscopic partial 
nephrectomy in patients with 
renal tumors

•	 The use of a 3D-printed physical 
anatomic model aided surgeons in 
understanding kidney and tumor anatomy 
•	 The use of a 3D-printed physical 
anatomic model may support assisted 
planning and performance of laparoscopic 
partial nephrectomy in patients with RENAL 
scores≥8

Glybochko et 
al. 2018 [47] CT

Amira, 
Version 5.4.4 
(license 
ASTND. 
44644)

5 patients

The effectiveness of 3D 
printing application in 
urology for localized renal 
cancer treatment using 3D 
printed soft models

•	 3D-printed models demonstrated 
anatomical structures and tumor location 
more effectively, being useful for pre-
operative training and trainee education

Golab et al. 
2017 [30] CT 3D Slicer 3 patients

To evaluate the clinical value 
of 3D-printed kidney models 
for training purposes in 
the context of laparoscopic 
partial nephrectomy surgery

•	 The 3D models improved trainee 
recognition of renal structures and tumor 
anatomy and can reduce the need for/
duration of intraoperative renal ischemia

Hyde et al. 
2019 [38] CT 3D Slicer 25 patients

To determine whether the 
interactive visualization of 
patient-specific virtual 3D 
models of the renal anatomy 
influences the pre-operative 
decision-making process 
of urological surgeons 
for complex renal cancer 
operations

•	 The use of 3D virtual models as an 
adjunct to renal cancer surgery planning 
influences clinical decisions which can result 
in changes to surgical approach decisions, 
as compared to planning with the status quo 
imaging

Komai et al. 
2015 [24] CT

ZedView®, 
LEXI Co., 
Ltd., Tokyo, 
Japan

10 patients

To report an experience with 
a novel style of 3D printed 
kidney, called “4D” surgical 
navigation in minimally 
invasive off-clamp partial 
nephrectomy

•	 3D printed kidney models help surgeons 
more fully understand the kidney and tumor 
anatomy and facilitated minimally invasive 
off-clamp partial nephrectomy
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Table I. Summary of findings of the 37 studies reviewed (continuation).

First Author 
and Year of 
Publication

Imaging 
Modalities 
Used for 
3D Imaging 
Recon-
struction

Software 
Used for 
Image 
Segmen-
tation

Study 
Sample Size/
Participants

Study Purpose Key Findings

Komai et al. 
2014 [17] CT Synapse 

Vincent 28 patients

To report an experience 
with the novel 3D image 
analysis system Synapse 
Vincent in clamp less partial 
nephrectomy, describing its 
advantages regarding the 
short-term surgical outcomes 
and its usefulness as an 
informed consent tool

•	 3D images and surgical simulation 
improve surgeons’ performance of clamp 
less partial nephrectomy and patient’s 
understanding of their operation when 
compared to viewing CT images alone

Kyung et al. 
2019 [18] CT

Asan Medical 
Center, Seoul, 
South Corea

17 patients

To construct a 3D printed 
kidney models for patients 
scheduled to undergo partial 
nephrectomy to provide 
a better understanding of 
individual tumors and to 
predict surgical outcomes

•	 3D printed kidney models have the 
potential to improve patients’ understanding 
of their disease, improves the efficacy of 
surgical procedures, simplify the orientation 
of the target tissue, explain risk structure, 
and predict renal function postoperatively, 
thereby possibly improving surgical 
outcomes

Lasser et al. 
2012 [25] CT

Medical 
Modeling Inc, 
Golden, CO

10 patients

To describe an experience 
with 3D preoperative virtual 
surgical planning and its 
utilization during robot-
assisted laparoscopic partial 
nephrectomy

•	 The implementation of 3D virtual 
models has significantly improved the 
surgeons’ approach in preoperatively 
visualize, examine, and manipulate anatomy 
and anatomic relations being invaluable 
for complex tumor resections and renal 
reconstructions

Lee et al. 2018 
[48] CT

Object 260 
Connex 3 
(Stratasys, 
Eden Prairie, 
MN, USA)

10 patients

The clinical usefulness of 
3D-printed renal model 
in performing partial 
nephrectomy and also in 
the education of medical 
students

•	 3D renal models can help surgeons to 
establish the surgical plan and also can 
be good education materials for medical 
students

Leslie et al. 
2014 [26] CT Synapse 3D, 

Fujifilm 200 patients

To develop the novel 
concept of tumor contact 
surface area, to capture this 
clinical observation using a 
radiologically measurable 
parameter

•	 Contact surface area is a novel, readily 
measurable CT-imaging based imaging 
parameter that quantifies renal tumor 
complexity predicting events after partial 
nephrectomy

Maddox et al. 
2017 [14] CT

3D Systems 
(Rock Hill, 
SC)

7 patients
To develop a novel 3D 
printed kidney model 
using materials that closely 
approximated normal kidney

•	 3D renal models were able to closely 
resemble the feel and texture of renal 
parenchyma and thus assisted in the 
education of young surgeons and their 
anatomical understanding thus decreasing 
the slope of the learning curve and improve 
patient outcomes

Michiels et al. 
2019 [43] CT

Synapse 3D 
(version 5.2, 
Fujifilm)

16 patients

To assess the anatomic 
accuracy of the 3D model 
used for 3D model-guided 
robot-assisted partial 
nephrectomy

•	 3D models are accurate with respect 
to the anatomic reality of the different 
measurements and arterial distribution 
thus allow use of a clamp less technique or 
segmental renal artery clamping to minimize 
renal ischemia and to preserve postoperative 
renal function

Porpiglia et al. 
2019 [22] CT MEDICS 

(Turin, Italy) 101 patients

To create 3D-based PADUA 
and RENAL nephrometry 
scores/categories for the 
reclassification of the 
surgical complexity of renal 
masses, and to compare the 
new 3D nephrometry score/
category with the standard 
2D-based nephrometry score/
category

•	 3D virtual models were more precise 
than 2D standard imaging in evaluating 
the surgical complexity of renal masses 
according to nephrometry score/ category 
thus allowing to a better perception of tumor 
depth and its relationships with intrarenal 
structures
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Table I. Summary of findings of the 37 studies reviewed (continuation).

First Author 
and Year of 
Publication

Imaging 
Modalities 
Used for 
3D Imaging 
Recon-
struction

Software 
Used for 
Image 
Segmen-
tation

Study 
Sample Size/
Participants

Study Purpose Key Findings

Porpiglia et al. 
2018 [21] CT M3DISC 10 patients

The usefulness of 3D printed 
models in pre-surgical 
planning, training and 
education

•	 Patient’s perception about usefulness 
of 3D printed models was 10/10 for their 
educational benefits and ability to improve 
comprehension of the disease and the 
usefulness of the 3D-printed renal models 
for surgical planning and understanding of 
surgical procedure was rated 8/10 

Wang et al. 
2019 [27] CT

IQQA; EDDA 
Technology, 
Princeton, NJ, 
USA

49 patients

The role of 3D 
reconstruction technique in 
renal function protection and 
ipsilateral parenchymal mass 
preserved after laparoscopic 
partial nephrectomy in 
patients with complex renal 
tumor (R.E.N.A.L. score≥8)

•	 3D reconstruction technique was a 
beneficial method for more renal function 
and more preserved renal parenchymal 
mass volume after laparoscopic partial 
nephrectomy

Wang et al. 
2017 [16] CT

Yorktal, Inc., 
Shenzhen, 
Guangdong, 
China

49 patients

The effectiveness and 
safety of individualized 3D 
visualization technology 
on surgical planning and 
perioperative outcomes 
in laparoscopic partial 
nephrectomy for renal cell 
carcinoma

•	 3D visualization technology provided 
precise information of anatomical structure 
in the operative area and reliable guidance 
for preoperative plan design

Zhang et al. 
2015 [41] CT Software N/A 10 patients

The impact of 3D printing 
on the surgical planning, 
potential of training and 
patients’ comprehension of 
minimally invasive surgery 
for renal tumors

•	 3D printing technology is accepted by 
urologists in assisting surgical planning and 
training of minimally invasive treatment 
preoperatively and intraoperatively

Wake et al. 
2017 [37] MRI

Mimics 16.0 
(Mimics, 
Materialise, 
Leuven, BE)

10 patients

To ability of patient-specific 
3D-printed kidney models 
with tumors to enhance 
pre-surgical planning for 
complex cases of RCC

•	 3D printed models can influence 
preoperative planning for anatomically 
complex kidney masses by experienced 
urologists and can give surgeons a better 
ability to plan the for nephron sparing 
surgeries

Dwivedi et al. 
2018 [15] MRI 3D Slicer 6 patients

The usefulness of patient-
specific 3D-printed kidney 
molds for radiomics and 
radio genomic analyses

•	 MRI-based preoperative 3D printing of 
tumor-specific molds allow for accurate 
sectioning of the tumor after surgical 
resection and colocalization of in vivo 
imaging features with tissue-based analysis 
in radiomics and radio genomic studies

Alyaev et al. 
2017 [34] CT Software N/A 5 patients

The usefulness of soft 
3D-printed kidney models 
for treatment and pre-
operative planning for 
patients with localized 
kidney cancer

•	 Promising results of using 3D printing 
for preoperative planning and surgical 
performance due to a high-precision, patient-
specific 3D model for localized kidney 

Bernhard et al. 
2015 [49] CT

Synapse 3D, 
Fujifilm, 
Tokyo, Japan

7 patients

The ability of 3D-printed 
models of kidneys with renal 
tumors to facilitate patients’ 
understanding and education 
of their condition

•	 Significant improvement in patient’s 
understanding of their planned surgical 
procedure, and kidney physiology and 
anatomy after 3D model presentation 

Schmit et al. 
2018 [36] CT

Mimics, 
Materialize; 
Leuven, 
Belgium

25 patients

To assess whether a 3D 
printed model improves 
patients’ understanding of 
renal cryoablation and the 
anatomy involved

•	 Patients did not demonstrate a statistically 
significant improvement in objective 
knowledge of their renal tumor anatomy 
and renal cryoablation procedure with 
the addition of a 3D printed model to the 
standard patient education 
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Table I. Summary of findings of the 37 studies reviewed (continuation).

First Author 
and Year of 
Publication

Imaging 
Modalities 
Used for 
3D Imaging 
Recon-
struction

Software 
Used for 
Image 
Segmen-
tation

Study 
Sample Size/
Participants

Study Purpose Key Findings

Teishima et al. 
2018 [29] CT

Toyotsu 
Machinery 
co., Ltd. 
Nagoya, 
Japan

29 patients

The usefulness of a 
personalized 3D printed 
model of the kidney for 
preoperative education 
among patients who 
underwent robot-assisted 
partial nephrectomy

•	 The personalized 3D printed model 
of the kidney is useful for preoperative 
education among patients and their families 
who underwent robot-assisted partial 
nephrectomy, especially in elderly people

Rai et al. 2018 
[39] CT MathWorks; 

Natick, MA
100 
participants

To test a novel visuospatial 
testing platform, improve 
trainee ability to convert 
two-dimensional to three-
dimensional space

•	 Using visuospatial testing platform as a 
mechanism to test and improve this ability 
may provide a powerful new approach for 
novices to adapt this skill towards a broad 
array of surgical procedures

Liu et al. 2020 
[28] CT

CSA, Hisense, 
Tsingtao, 
China

135 patients
To develop a 3D scoring 
system which could improve 
radiological evaluation of 
renal tumors

•	 The 3D scoring system developed was 
a highly accurate system to quantify the 
anatomical features of renal tumors
•	 It was identified to have a value in 
predicting duration of warm ischemic time

Huang et al. 
2020 [20] CT and MRI Software N/A 134 patients

To develop a reproducible, 
quantifiable scoring system 
that describes the exact 
anatomic features and 
quantifies compression of 
the vessels and the collection 
system, thereby classifying 
the surgical complexity 
and assisting in treatment 
planning

•	 The ROADS scoring system can 
effectively stratify renal sinus tumors for 
surgical treatment 

Fan et al. 2018 
[23] CT Software N/A 5 patients

To evaluate that a 3D kidney 
models can be used not 
only for planning but also 
for navigating laparoscopic 
partial nephrectomy in 
patients with completely 
endophytic renal tumors

•	 Patient-specific 3D kidney models 
were utilized as an assisted surgical tool, 
helping to improve understanding of the 
renal masses, and their relation to the 
arteriovenous and collect patient-specific 
3D kidney models were utilized as an 
assisted surgical tool, which help to improve 
understanding of the renal masses, and their 
relation to the arteriovenous and collection 
systems

Wake et al. 
2019 [42] CT and MRI

Mimics 
20.0 and 
3-matic 12.0, 
Materialize, 
Leuven, 
Belgium

20 patients

To quantify how surgeons 
translate 2D CT or MRI data 
to a 3D model and evaluate if 
3D printed models improve 
tumor localization

•	 3D printed models can improve tumor 
localization and potentially assist with 
appropriate surgical approach

Tapiero et al. 
2020 [44] CT Software N/A 11 patients/13 

participants

The utility of a CT-based 
interactive virtual reality 
display to assist surgeons’ 
understanding of the precise 
location of the renal tumor

•	 The addition of patient-specific interactive 
virtual models to standard CT imaging 
improved the ability of faculty urologists to 
accurately configure the location of a renal 
tumor, and improved their understanding of 
tumor anatomy

Meyer et al. 
2015 [32] CT Software N/A 158 patients

To analyze the relationship 
among various patient, 
operative and tumor 
characteristics to determine 
which factors correlate with 
renal parenchymal volume 
loss after nephron sparing 
surgery using a novel 3D 
volume assessment

•	 Ischemia time, tumor size and endophytic/
exophytic properties of a localized renal 
mass are the most important determinants of 
renal parenchymal volume loss
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CT was the most used imaging technique for 
segmentation of anatomical structures, with 34 studies 
using CT datasets as a source of imaging data for 3D VR, 
while two utilized MRI datasets [15,37], and other two 
utilized a combination of both imaging modalities 
[20,42]. 2D CT images alone may not be so accurate in 
describing anatomic structure for some complex tumors, 
such as renal hilar tumor and renal endophytic tumor [50]. 
The actual position between tumor peripheral vessels was 
ambiguous, which increased the risk of additional damage 
in surgery. In recent years, 3D CT reconstruction has been 
increasingly used to provide additional information, thus 
reducing accessory surgical injuries [51,52]. 

Discussion
Clinical applications of 3D imaging in renal 

tumors
The clinical applications of 3D printing in renal 

tumors can be summarized into five main areas, which 
include preoperative planning, presurgical simulation, 
intraoperative navigation mapping, medical education and 
patient-doctor communication. 

Preoperative planning
In the recent decades, the technology of 3D VR 

models has gained much interest, particularly in making 
3D models that can provide a topographical map of the 
renal surface and multiplane views of intrarenal anatomy 
facilitating an accurate preoperative planning for renal 
tumors [4,48,49,53]. 

Two examples of 3D VR models are shown in 
figure 2 and figure 3. A thorough understanding of vascular 
and tumor anatomy in the kidneys is important to avoid 
damage to the renal parenchyma and major vessels and to 
achieve a complete excision of the tumor, which could be a 
challenging task in some cases, as is the case of endophytic 
tumors [50]. 

Table I. Summary of findings of the 37 studies reviewed (continuation).

First Author 
and Year of 
Publication

Imaging 
Modalities 
Used for 
3D Imaging 
Recon-
struction

Software 
Used for 
Image 
Segmen-
tation

Study 
Sample Size/
Participants

Study Purpose Key Findings

Mitsui et al. 
2018 [31] CT Software N/A 114 patients

To investigate the 
relationship between 
postoperative renal function 
and resected cortex margin 
volume calculated by a 3D 
reconstruction technique 
based on the resected 
specimen, and to determine 
predictors of renal function 
after robot-assisted partial 
nephrectomy

•	 The healthy cortex margin volume 
calculated by the reconstruction technique 
is an independent risk factor of decreasing 
postoperative renal function

Tobert et al. 
2015 [33] CT Software N/A 157 patients

To validate the findings of a 
prior single-surgeon series 
with a multi-institutional 
comparison of 3D imaging 
of volume preservation 
and surgeon assessment 
of volume preservation as 
predictors of renal function 
after partial nephrectomy 

•	 Surgeon assessment of volume 
preservation has been validated in a 
multicenter cohort of partial nephrectomy 
patients demonstrating it to provide a reliable 
estimate of renal functional preservation that 
is reproducible in contemporary practice

Porpiglia et al. 
2018 [35] CT M3DICS 52 patients

To present hyperaccuracy 
3D reconstruction during 
robot-assisted partial 
nephrectomy and compare 
its efficacy in sponsoring 
successful selective clamping 
of renal arterial branches 
during robot-assisted partial 
nephrectomy.

•	 Preoperative simulation of   selective 
ischemia was feasible and effective with 3D 
reconstruction.

Legend: N/A - not applicable, RCC - renal cell carcinoma, 3D - three-dimensional, VR - virtual reconstruction. 
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Figure 2. 3D VR model of a 54-year-old woman with a renal tumor at the upper pole of the right kidney. Comparative views of CT scan 
in the corticomedullary phase (axial planes), corresponding to the 3D VR model and surgical resection specimen. 

Figure 3. 3D VR model of a 64-year-old male with a renal tumor at the lower pole of the right kidney (horseshoe kidneys). Comparative 
views of the CT scan in the corticomedullary and nephrographic phases (A, B, axial planes), and the corresponding 3D VR model (C). 
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Several steps are important to generate a patient-
specific 3D VR model [54]. First, the accuracy of 
segmentation depends largely on image quality, including 
spatial resolution and contrast to noise ratio. All artefacts 
that occur within the 2D image will also be manifested 
in the 3D imaging [55]. The second and most important 
step is image segmentation. With the help of brain work 
and computer software, once segmented, a patient-specific 
3D VR model is created, helping in a better anatomical 
understanding, with multiple benefits for both the patient 
and the surgeons [56]. Lately, more and more software 
packages are being developed and available for this 
purpose, which can be easily used for the same goal. 

The studies included in this review found that 3D VR 
models technique had effective accuracy in reconstructing 
the anatomical structure, tiny vessels and tissues around 
the tumor, being an accurate technique compared to the 
original 2D datasets that helps surgeons remove the tumor 
with a minimal margin and a great postoperative renal 
function [13,19,21,22,42].  

Moreover, printing 3D VR models with flexible 
materials that resemble life-like tissues could improve 
the understanding of renal masses, allowing surgeons and 
trainees to practice resection of individualized lesions 
before the actual surgery. Gill et al. [57] have shown 
the usefulness of 3D printing models in the pre-surgical 
planning of renal pedicle clamp management during 
partial nephrectomy, emphasizing the main role in 3D 
study, understanding of intrarenal vascular anatomy and its 
relationship to renal tumor.

Presurgical stimulation and intra-operative 
navigation mapping

Out of thirty-seven studies reviewed, twenty-three 
[13-35] reported the “surgical simulation” and “surgical 
training “as outcome of interest. The studies conducted a 
quantitative assessment of virtual and printed 3D kidney 
models on their usefulness and applications in areas 
including preoperative simulation and intraoperative 
navigation mapping. 

Clear understanding of tumor anatomy including 
tumor location and size, the relationship of the renal tumor to 
normal parenchyma, collecting system, vascular structures, 
including divergence of tumor arterial feeders and veins 
around renal hilum is of paramount importance to optimize 
surgical outcome [25]. 3D imaging has improved the 
surgeon’s ability to better evaluate these features compared 
to the original 2D imaging datasets [32]. In addition, 
reconstructed 3D images allow 360° manipulation of all 
anatomic structures along all axes, removing structures 
from the screen for better visualization, and changing 
viewing windows from solid phase to the transparency 
phase, for a better evaluated intraparenchymal anatomy 
and tumor extension [31,34]. 

Lately, minimally invasive partial nephrectomy has 
been considered the procedure of choice for small renal 

masses, based on the functional advantages over traditional 
open surgery [26]. Most studies have focused on surgical 
planning for partial nephrectomy in order to predict surgical 
outcomes [15-18,21,23-25,27,34] and found that using 3D 
VR improves patient’s outcomes. 

Bertolo et al. [58] published their experience with 
3D reconstruction technologies in support of preoperative 
planning for highly complex renal tumors amenable to a 
conservative treatment. The authors demonstrated the 
reliability of 3D VR in reproducing anatomical structures 
visualized during robot-assisted partial nephrectomy, 
concluding that 3D virtual guidance technologies allowed 
more accurate preoperative planning of renal pedicle 
management compared to standard preoperative planning 
based on 2D imaging.

Over the past decade, the development of 
nephrometry scores, for example the PADUA and RENAL 
scores [22] have been developed as tools to predict 
objectively the surgical complexity of a renal tumor. Some 
studies [17,22,28,39,44,45] performed a quantitative 
analysis of 3D-based nephrometry scores (PADUA and 
RENAL) to reclassify the surgical complexity of renal 
masses (R.E.N.A.L. score ≥ 8). All studies found a high 
level of dimensional accuracy of the 3D scoring system 
compared to 2D-based scoring systems, especially in 
predicting major intra- and perioperative complications. 
On the other hand, Hwang et al. [59] proposed a new 
reporting system that combines and integrates advances 
in engineering technology with those from the medical 
sciences, the Multidimensional Interactive Radiology 
Report and Analysis (MIRRA) to standardize labeling, 
tracking, and quantifying of metrics for renal masses. The 
authors proposed a 3D atlas-based identification process 
for renal masses that includes a completely portable 3D 
model that will be able to better track lesions in patients 
with multiple masses and also an automatic process of the 
Tumor Node Metastasis (TNM) staging and the Response 
Evaluation Criteria in Solid Tumors (RECIST) linear 
measurements.

A recent paper [20] developed the ROADS scoring 
system which provides a standardized, quantitative, 3D 
anatomic classification, to stratify renal sinus tumors 
for surgical strategy. Postoperative renal function and 
chronic kidney disease remain a concern in the surgical 
management of renal masses, as they has been related to an 
increased risk of hospitalization, cardiovascular morbidity 
and death [33,58]. Few papers [31-33,60] have focused 
directly on the relationship between postoperative renal 
function and resected cortex margin volume, calculated 
by a 3D reconstruction technique based on the resected 
specimen, to determine the predictors of renal function 
after robot-assisted partial nephrectomy. Meyer et al. [32] 
found that using accurate 3D volumetric analysis, ischemia 
time, tumor size and endophytic/exophytic properties of a 
localized renal mass were the most important determiners 
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of renal parenchymal volume loss. On the other hand, 
Mitsui et al. [31] reported that the healthy cortex margin 
volume calculated by the reconstruction technique was an 
independent risk factor for decreased post-operative renal 
function. 

A recent study [61] showed that the using of 3D 
reconstructed images combined with 3D arteriography 
and 3D surface-rendered tumors coild facilitate maximal 
postoperative renal function preservation after partial 
nephrectomy.

Ukimura et al. [62] reported that 3D virtual 
models could provide improvements that facilitate the 
performance of zero-ischemia robotic and laparoscopic 
partial nephrectomies, especially in patients requiring 
nephron sparing surgery. Furthermore, Porpiglia et al. [21] 
have reported a high accuracy 3D reconstructive technique, 
succeeding in selectively clamping the branches of renal 
artery during long-time robot-assisted partial nephrectomy 
for complex renal masses, maximally decreasing the renal 
damages caused by ischemia.

Medical education and patient-doctor 
communication

Few papers [16,22,23,38,39,41,43-45,47,48] are 
focused on the value of 3D imaging models for educating 
medical students, urology residents and fellows. In their 
study, Rai et al. [39] demonstrated that medical students 
who are using the interactive 3D virtual reality simulator 
environment (dV-Trainer virtual) in addition to the standard 
2D planar imaging, more accurately located renal masses in 
3D physical models, compared to trainees who had access 
only to 2D planar images. Two studies [45,48] evaluated the 
ability of medical students to accurately characterize renal 
tumors, using the RENAL nephrometry scoring system 
compared to a reference standard generated by experienced 
surgeons. Both studies reported that the student group could 
locate the renal tumor more accurately using the 3D renal 
model, compared to standard 2D planar imaging alone, 
Knoedler et al. [45] finding that 3D printed physical models 
can increase medical students’ ability to correctly assign 
the R, N, and L components of the nephrometry score. 

To perform a partial nephrectomy, it is of utmost 
importance to identify the exact location of the tumor to 
minimize both postoperative and major complications. 
Some studies [22,37,38,40,41,43,44,47] have investigated 
the usefulness of 3D imaging models in the learning 
capacity of urologists for presurgical planning of renal 
tumor and surgical training. Porpiglia et al. [22] reported 
that 3D imaging is a “hyper-accurate” method, capable 
to give the surgeon a more accurate understanding of the 
surgical complexity, being easier to understand a standard 
volume assessment obtained from 2D images, in a three-
dimensional space.

Patient-doctor communication is very important 
for patient satisfaction. Since patients have significantly 
less experience looking at cross-sectional imaging than 

physicians, a patient-specific 3D model may be even 
capable to improve patients’ understanding of their disease 
status and the intended goals of any potential treatments. 
In aggregate, we found four studies [29,36,46,49] which 
reported the usefulness of 3D renal models to influence the 
patient’s understanding of renal anatomy and pathology. 
Schmit el al. [36] have shown that patients perceived the 
3D cryoablation model to be ‘‘definitely recommended’’ 
(patient’s satisfaction score mean grade > 9 on a 0–10 
point scale) for understanding their renal tumor anatomy. 
Moreover, they reported that the 3D printed models can 
improve patient-physician communication during the 
preprocedural consultation compared to review of the 
2D imaging alone. In their study, Silberstein et al. [46] 
stated that patients and families verbally expressed their 
improved understanding of their condition and treatment 
options. Also, Bernhard et al. [49] showed that by using 
a personal 3D kidney model, patient’s understanding was 
significantly improved on basic kidney physiology by 
16.7%, kidney anatomy by 50 %, tumor characteristics 
by 39.3 % and the planned surgical procedure by 44.6%, 
with an overall improvement of 37.6%. Teishima et al. [29] 
assessed the usefulness of a 3D model for the preoperative 
education among patients and their families, prior to partial 
nephrectomy, especially for elderly people. They reported 
that people of an older age group (65 years or older) had 
more difficulty understanding morphologic information 
about anatomy and tumors using just 2D CT scan imaging 
compared with those with lower age (younger patients). 
They also showed that the 3D model enabled them to 
overcome the difficulties of their understanding.

3D bioprinting technology is a new technology 
that has developed rapidly in recent years and has gained 
popularity in the creation of renal tumor models being used 
in preoperative surgical planning, resident education and 
patient information [63]. This type of technology is a step 
forward to meet the expectations of patients and surgeons 
but has some major disadvantages in terms of costs and 
production time [21,46,63].

There are some limitations to this review. The 
main limitation of this review is the inability to critically 
assess the strengths and biases of the chosen articles. 
Most of the studies included in this review evaluate the 
usefulness of 3D models from a quantitative perspective 
or mixed method analysis (a combination of qualitative 
and quantitative analysis). Second, this review shows that 
most studies did not provide information on the time spent 
on image processing and segmentation, most likely due to 
the use of various software tools for image-processing and 
segmentation by different research groups. The third type 
of limitation is the lack of technical standardization (file 
formats, software used and accessibility of the technology) 
and various cost estimates. Despite these limitations, 3D 
VR technology is widely accepted, some surgeons reporting 
a cognitive benefit that would be difficult to quantify.
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Conclusion
In conclusion, this systemic review analyses thirty-

seven studies reporting the clinical value and usefulness of 
3D kidney models in renal tumor, with findings showing their 
feasibility and accuracy in delimiting both anatomical renal 
structures and renal tumors. Compared with the traditional 
2D imaging, a 3D VR model is more intuitive, capable 
of 3D representation, and easy to understand. Successful 
integration of the 3D imaging into real-time operating 
technique can help urologists transfer the simulation of the 
technique into successful surgical performance, impacting 
patient outcomes and possibly reducing complications. This 
review also reports that 3D VR models are able to improve 
the patient’s understanding of their renal disease status and 
improve medical students’ and surgeons’ knowledge of the 
renal malignancy compared to viewing 2D images alone.
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