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Abstract
Purpose of review We aim to summarize the current state of art about 3D applications in urology focusing on kidney surgeries. In
addition we aim to provide a snapshot about future perspective of intraoperative applications of augmented reality (AR).
Recent findings A variety of applications in different fields have been proposed. Many applications concern current realities and
3D reconstruction, while some others are about future perspective. The majority of recent studies have focused their attention on
preoperative surgical planning, patient education, surgical training, and AR.
Summary The disposability of 3D models in healthcare scenarios might improve surgical outcomes, learning curves of novice
surgeons and residents, as well as patients’ understanding and compliance, allowing a more shared surgical decision-making.

Keywords Three dimensional (3D) . Kidney . Augmented reality . Surgery . Urology

Introduction

Three-dimensional printing (3DP) has emerged in the late
1980s, but its application in medical field dates to 2000s [1].
Until recently, its use was limited mostly to orthopedics and

dentistry. As three-dimensional (3D) printers have become
more widespread and affordable, a rapid increase in the use
of 3DP in medicine has been registered. Currently, several
types of technologies are available for printing such as binder
jetting, material jetting, vat photopolymerization technologies,
and powder bed fusion; furthermore 3D printers can now gen-
erate object from different materials such as plastics, wax,
ceramics, and metal [2]. In recent years, 3DP-technology
(3DPT) allowed to manufacture models to produce facsimiles
of patients’ organs, even entire body parts, to be used for
training purposes and to improve surgical planning.
Moreover, the introduction of artificial realities created with
the help of software (virtual realities VR, augmented realities)
represents a further step in 3DPT allowing the surgeon to
perform guided-surgery without giving up concentration on
the operating field.

Aim of this review is to examine the application of 3DP in
kidney surgery; in particular we focus on surgical planning,
patient education, training, and augmented reality (AR).

3DP and Surgical Planning

Pre-operative planning is crucial to improve surgical outcome
and to reduce possible intra- or post-operative complications.
3D models (3DM) could play an important role helping the
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surgeons to properly understand patient specific anatomy and
guiding their intraoperative decisions. 3D anatomical replicas
printed directly from patients DICOM images (CT scan or
MRI) have been used to aid information in the preoperative
planning of complex surgical procedures and trying to reduce
perioperative complications [3]. Surgical planning with 3DM
has significant advantages over the current two-dimensional
(2D) images. Surgeons have a more realistic overview and
better comprehension of the area on which they’re going to
perform surgery. Possible benefits provided from these
models are better decision-making and consequently in-
creased surgical confidence.

Applications of 3DP in Nephron Sparing Surgery (NSS)

More than a half of publications about 3DM in urology re-
ported surgical planning as their primary outcome. In the era
of nephron-sparing surgery (NSS), due to the complex anato-
my and vasculature, the potential prolonged renal ischemia,
and the often unclear tumor depth invasion, is not surprising
that the majority of studies have focused their attention on
kidney cancer [3].

Even if ablative techniques and active surveillance are pos-
sible choices in selected patients, surgical treatment for renal
masses still represents the gold standard and has evolved,
through years, to a NSS approach. Until 2011, there were no
studies proving better outcomes of partial nephrectomy (PN)
instead radical nephrectomy (RN) [4]. In 2012, Sun and col-
leagues demonstrated for the first time that, in multivariable
analysis, patients who underwent PN were significantly less
likely to die for other-causes mortality (OCM) compared with
the RN cohort (p = 0.04), stating that PN should be offered
“whenever technically feasible” [5]. Nevertheless, feasible
does not always mean easy: higher R.E.N.A.L. score masses
are more prone to result in higher Clavien–Dindo post-
operative complications (p = 0.043) and significant drop in
post-operative renal function (p = 0.004), due to surgical com-
plexity [6]. Prior to consider surgical outcomes, preoperative
planning can strongly be influenced by 3DM, especially in
case of complex renal masses.

Urology has moved from open to minimally invasive sur-
gery (MIS) and from radical organ extirpation to NSS. As a
result, surgeons need to rely on models that can give them a
better understanding of patients’ disease helping in improving
surgical planning. Silberstein et al. in 2014 performed 5 PNs
(4 robotic and 1 open) with complete excision of renal masses
after creating 5 customized, patient-specific, 3D kidney
models [7]. The main characteristic of these models was the
enhanced renal lesions suspicious for malignancy. In this
study, all interventions were successfully performed with an
average ischemia time of 21 min, all surgical margins were
negative, and complications were minimal. A preliminary re-
port by Zhang et al. showed that, in patients with T1 renal

masses eligible for NSS, 3DMs had higher scores in surgical
planning [8]. Furthermore, the two surgeons involved stated
that intraoperative consultation of the 3DM was helpful for
relationship of the tumor with surrounding tissues, depth of
resection, and avoidance of key structures injuries such as
renal hilum. However, no specific questions regarding how
the 3DMs impacted surgical planning decisions were
administered.

After 1 year, Wake et al. selected 10 renal neoplasms scor-
ing more than 5 (range 6–10) at R.E.N.A.L. nephrometry
score, and submitted 2D images before 3DMs to three expe-
rienced urologic oncology surgeons [9]. After submission of
models, 30–50% of surgeons were prone to change the surgi-
cal approach, with the largest impact about transperitoneal or
retroperitoneal approach and clamping.

Porpiglia et al. evaluated the usefulness of 3D printed kid-
ney models and surgeon’s perception. Based on their data,
3DMs seemed to influence surgeons in the choice of the most
appropriate type of ischemia (off-clamp vs global ischemia vs
partial ischemia) and the type of resection to perform (enucle-
ation or enucleoresection) without difference on the basis of
surgeons’ experience [10].

However, good planning doesn’t always mean good surgi-
cal outcomes. Many studies have focused their attention also
on results after 3DMs visualization and to what extent they
can influence surgeries. In a feasibility study by Rundstedt
et al., a patient-specific presurgical protocol for robot-
assisted PN (RAPN) was developed [11]. In their study, 10
patients with solid renal masses underwent RAPN after pre-
operative rehearsal using 3D-printed kidney models made by
a silicon-based material. R.E.N.A.L. nephrometry scores were
between 7 and 11 (mean 8.9). Authors compared resection
times of the model and the tumor. Their results showed no
statistically significant difference between the 3DM and the
excised tumor in mean resection time (6:58 vs 8:22 min, p =
0.162) and volumes excised (38.50 vs 41.79 mm3, p = 0.976).
Only 1/10 patients had positive surgical margins. Authors
concluded that pre-surgical rehearsal could significantly im-
prove resection strategy, but this study lacks of a control
group. Another feasibility study investigating how 3D printed
kidney models can influence surgical procedures was per-
formed by Maddox et al. [12]. With the aim of allowing pre-
operative and robotic surgical simulation, authors constructed
patient-specific physical 3DMs made by materials that could
approximate quite well the properties of renal tissue. Seven
models were successfully created, and PN and renorrhaphy
were performed on each replica. After simulation, all patients
underwent RAPN with negative surgical margins, reporting
an average warm ischemia time of 25 min. Mean R.E.N.A.L.
nephrometry score was 7.4. Comparing the seven cases and
the “Tulane Urology prospectively maintained RAPN data-
base,” surgeries with 3DMs had larger tumors, fewer compli-
cations, longer warm ischemic time, fewer positive margins,

35    Page 2 of 9 Curr Urol Rep (2021) 22: 35



and shorter hospitalization, but the only statistically signifi-
cant finding was a decreased estimated blood loss (EBL)
(185.7 vs. 235.6 ml, p = 0.01), suggesting that preoperative
3DM rehearsal may decrease the learning curve for trainees
and improve surgical outcomes. Otherwise, authors admitted
that further evaluation was needed.

Kyung et al. compared 17 patients who underwent PN
aided by prior consultation of 3D patient-specific kidney
models with a control group consisting of patients who
underwent PN from the same surgeon and approximately dur-
ing the same time period (2014–2015) [13]. Similarly to
Maddox, authors found that the only statistically significant
difference was diminished intra-operative blood loss (IBL)
(182 cc vs. 310 cc, p < 0.01). No complications occurred in
the 3D printed group. Moreover, patients reported an overall
improved understanding of the disease, surgical procedure,
and trust in surgical team after consultation of the 3DM.

Despite the relatively small cohort, the frequent lack of a
control group and the low statistical power, these studies have
contributed to support the efficacy of 3DM simulation before
complex renal surgery.

Recently, Fan et al. retrospectively analyzed data of 69
patients who underwent 3D laparoscopic PN (LPN) and 58
who underwent traditional LPN between January 2016 and
February 2018 [14]. They reported a significant reduction in
warm ischemia time (WIT) in the 3D group (24.1 ± 5.1 for the
3D cohort and 26.6 ± 4.2 min in the traditional LPN, p < 0.05),
against a longer surgery waiting time (13.6 ± 3.4 days and 7.0
± 0.6 days, respectively, p < 0.05). Subgroup analysis accord-
ing to R.E.N.A.L. scores confirmed that, in patients with
scores ≥ 8, the 3D group had significantly shorter WIT and
less IBL (131.9 ± 78.5 vs 179.2 ± 76.1, p < 0.05) than the
traditional LPN group.

Finally, a Japanese group reported their preliminary expe-
rience of what they called “4D surgical navigation” in mini-
mally invasive off-clamp PN [15]. It consists of a full-scale
size 3D printed kidney designed so that the tumor and its
margin (2–5 mm around the tumor) could be removed. This
feature allowed the surgeon to visualize, during surgical plan-
ning, both pre- and post-resection kidney (the fourth consid-
ered dimension was the time). Models helped the surgeons to
create a working mental map for resection. Ten patients with
complex renal masses (R.E.N.A.L. score ≥ 8) were selected
and underwent minimally invasive off-clamp PN with accept-
able perioperative outcomes and surgical margins that resulted
to be nearly identical to 3D printed tumors. A statistically
significant difference was found in the time of intraoperative
ultrasound with a 3D model compared to standard surgeries
(mean 3.3 min vs 6.3 min, respectively, p = 0.021). Moreover,
surgeons claimed the usefulness of 3DM tactile feedback. In
contrast, 4 to 9 h were needed for printing and 3 to 9 days to
complete the model. Costs of the models ranged from 450 to
680 dollars.

Applications of 3DP in Percutaneous
Nephrolithotomy (PCNL)

Nephrolithiasis is a common disease, and recent data show a
prevalence up to 15% and an overall incidence rate growing
[16]. Among endourologic techniques, percutaneous
nephrolithotomy (PCNL) represents the gold standard for renal
stones larger than 20 mm due to advantages in operative time
and morbidity rates [17]. Renal access isn’t always performed
by urologists due to a not so easy learning curve. In fact, many
studies have focused on imaging modalities used for guidance
during percutaneous access for both urologists and radiologists.
Anyhow, optimal selection of calyx for puncture and
nephrostomy tract is one of the most important steps of
PCNL surgical planning. Difficulties include performing a tra-
jectory that leads directly to the target stone without affecting
neighbors’ structures. Inadvertent organ injuries as well as mul-
tiple tracts before achieving the correct calyx access can lead to
an increase in surgery duration, higher complications rates, and
consequently to a longer post-operative length of stay (LOS)
[18]. In recent years, the rapid development of patient-specific
3D segmentation and reconstruction in Urology has led to the
combination of patient-specific 3DMs with preoperative plan-
ning for needle guidance during PCNL procedures. In 2015,
Gadzhiev et al. proposed a plasticine 3D replica of pelvicalyceal
system on 32 patients with staghorn stones taken to the operat-
ing room and used as a reference model [19]. Percutaneous
renal access was performed successfully in all cases; more than
a half (56%) had a single tract with an overall stone-free rate
(SFR) after second look of 87.3%.

In 2019, Xu et al. printed 36 patient-specific 3DMs (3 for
each patient) and simulated 3 puncture sites from upper-,
middle- and lower-pole calyces [20]. The puncture site that
achieved the better SFR in the model was then used as refer-
ence during surgery, and a good correspondence was founded
between post-operative stone volume of the model and of the
patient (p < 0.001, 95% CI). In late 2019, an Italian group
presented a clinical case of a 30-year-old man with left renal
stone (25 × 15 mm) [21]. A 3D digital and physical renal
model to aid the surgeon during procedure in planning and
guiding the percutaneous access during PCNL was per-
formed. The patient safely underwent PCNL with 1 single
percutaneous puncture (time of puncture 2 min). Overall sur-
gical time was 90 min. Post-operative CT scan confirmed
patient’s SFR. Brehmer et al. evaluated how 3D-CT recon-
structions could influence the choice of access route and treat-
ment outcomes in 35 patients planned for PCNL (88% with
complex renal stone) [22]. Access route were planned on 3D-
CT reconstructions using anatomical landmarks (ribs, spinous
process, etc.). The results were a change of access plan in 15/
28 patients, while in 7 patients, access could not be planned
without 3D-CT, totaling 22/35 (63%). Sixty-nine percent of
these patients (24/35) were stone-free after single PCNL.
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Similarly, Li et al. performed image segmentation and 3D
reconstruction from CT scans of 15 patients with complex
renal stone, including one patient with a horseshoe kidney, 8
patients with partial/complete staghorn stones, and 6 patients
with multiple renal stones [23]. Virtual safe and reliable per-
cutaneous renal access route were established for each patient
by comprehensive planning based on the 3DM of renal stones.
The safest and most effective percutaneous tract for stone
clearance was planned on the models and then uploaded onto
a screen during procedure in the operating room. The surgeon
could visualize the reconstructed 3DM adjusting kidney trans-
parency and felt more confident and comfortable with the
access aided by the virtual puncture. During lithotripsy, the
3D models offered a panoramic view of the stone and
collecting system guiding intraoperative nephroscopy.
PCNL were completed successfully in all 15 patients, the
one-session SFR was 93.3 %, and the final SFR was 100%.

Future studies are required, with larger cohorts, but
Manning hypothesis of “practice before you play” could be-
come the standard of care for complex surgeries [24].

Patient Education and 3DP

In the last decade, shared decision-making is becoming more
and more widespread since patients claim an increasing role in
medical decision-making. In this perspective, pre-operative
imaging plays a crucial role in patient counselling and shared
surgical decision-making for patients eligible to major kidney
surgery [25]. However, many patients experience difficulties
in the interpretation of conventional radiological images. To
date, there are few 3D guided surgery studies that focused on
preoperative patients’ education. Assuring to patients an im-
proved understanding of their anatomy and conditions, as well
as planned procedures, is often underestimated while it could
give a more informed consent and reduce pre-operative anxi-
ety. Many studies have explored possible ways to reduce the
comprehension gap between surgeon and patient creating
3DMs and comparing to 2D imaging in patient undergoing
PN. Wake and colleagues prospectively enrolled 49 patients
eligible for PN who underwent routine clinical imaging before
surgery [26]. The cohort was randomized in two groups: one
receiving pre-operative planning with standard imaging and
the other with the addition of printed patient-specific 3DM.
During surgical planning, a 5-point Likert scale questionnaire
was administered to patients and used to determine their un-
derstanding. Their study showed better results and conse-
quently a better understanding in the 3DMs cohort compared
to 2D imaging group, with a statistically significant difference
in comprehension of cancer size and location (p = 0.04 and p =
0.012, respectively), disease and treatment plan (p = 0.014),
helping the patient to decide consciously to undergo PN in-
stead of RN.

Similar results were showed by Teishima et al. in 29 pa-
tients who were candidates to RAPN in 2018 [27]. The 3DM
created consisted of the kidney, tumor, ureter, vasculature, and
also inferior vena cava and abdominal aorta. A dedicated vi-
sual analog scale was used to evaluate perception and under-
standing. In all patients’ questionnaire issues (p = 0.0006 in
anatomy-related issue, p = 0.0004 in tumor-related issue, and
p = 0.0015 in procedure-related issue) and in 2/3 of the issues
of questionnaire administered to 19 family members (p =
0.0186 in anatomy-related issue and p = 0.0051 in tumor-
related issue), the 3DM reached a statistically significantly
higher score than conventional CT alone. Moreover, in all
CT issues, 64-year-old or younger patients scored better than
the elder ones.

Robot-assisted surgery is not sowidespread and affordable,
so many centers perform NSS with the aid of laparoscopy.
Zhang et al. investigated the impact of 3DMs in T1 renal
cancer patients who underwent LPN [28]. From CT images,
10 3D kidneymodels were printed successfully. Renal arteries
and veins, collecting system including the ureter, and tumor
were preserved and all colored differently, while perirenal fat
tissue was removed. Two questionnaires with open ended
were plotted. Against a relatively low production price (150
dollars per model), high score were registered among patients
(9 or over in all four questions) while, among experienced
urologists, details of renal vasculature and the collecting sys-
tem were scored less favorably.

In 2015, a prospective pilot study was conducted on 7
patients with a primary diagnosis of kidney cancer eligible
for PN [29]. From four-phase multi-detector computerized
tomography (MDCT) scanning, renal volume data were ex-
tracted and a life-size specific 3DM for each patient was
printed with transparent resin for renal parenchyma, to better
show renal vasculature, collecting system and the renal tumor.
Before and after 3DM presentation, questionnaires were ad-
ministered to patients and their answers analyzed: understand-
ing on kidney physiology (16.7%, p = 0.018), anatomy (50%,
p = 0.026), and planned surgical procedure (44.6%, p = 0.026)
was statistically significant, with an overall improvement of
37.6%.

During an international urological meeting organized on
January 2017, Porpiglia and colleagues presented 3DMs of
10 patients who underwent live minimally invasive PN and
evaluated the results of 3DMs in overall understanding during
a preoperative counseling between patient and surgeon [10].
All patients completed a specifically built Face&Content
questionnaire that showed favorable scores (at least 9/10)
about the use of the technology during preoperative case dis-
cussion, improving their comprehension of the disease and the
intervention.

During the same year, Atalay et al. investigated the feasi-
bility and the impact of personalized 3D-printed pelvicalyceal
system models prior to PCNL [30]. Five anatomically
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accurate models of the renal collecting system of patients with
unilateral complex renal stones were successfully generated.
Authors stated that, after the 3DM presentation, the mean
understanding improvement rate was higher, in particular ba-
sic kidney anatomy improved by 60% (p = 0.017), kidney
stone position by 50% (p = 0.02), planned surgical procedure
by 60% (p = 0.017), and understanding of complications-
related surgery by 64% (p = 0.015).

Schmit et al., in their pilot prospective study, compared 25
patients of the standard group with as many of the experimen-
tal group which received education using a 3D printed renal
cryoablation model [31]. Initial results reported a statistically
significant improvement in patient understanding (p = 0.007)
from explanation of cryoablation with 3DMs compared to 2D
imaging but, after adjusting for the physician providing the
education, the 3DM didn’t show a significant improvement
anymore (p = 0.22).

Surgical Training and 3DP

Recent papers have underlined how urology trainees are
less prone to participate during surgeries in the operating
room due to more complex and minimally invasive proce-
dures being introduced [32]. A lower exposure of residents
to major procedures, as well as for novice inexperienced
surgeons, is leading to poor satisfaction of surgical training
and lower confidence performing surgeries independently
[33]. Moreover, COVID-19 pandemic has rapidly affected
surgical training due to the substantial decrease in election
procedures in favor of urgent cases [34–37]. In this scenar-
io, surgical training in urology may suffer more than before,
and pursuing innovation in learning surgeries needs to be a
cornerstone of trainees education that, with new tools,
could even be implemented [38]. Considering this back-
ground, another possible application of 3DMs is
simulation-based training (hands-on surgical practice) for
novice and inexperienced surgeons. 3DMs could provide
a safe scenario for training, especially for residents, without
harming patients and guarantying always the standard of
care. Monda et al. recently evaluated 3D printed molds of
a patient’s kidney with renal mass as a training tool for
robotic NSS [39]. Twenty-four surgeons of different train-
ing levels performed four trials simulations for each one on
silicone renal tumor models. A dedicated questionnaire re-
garding the realism and the overall feeling of the model, and
usefulness for surgical training, was administered, and
overall results were, respectively, 79.2 and 90.2. Renal ar-
tery clamping times, preserved renal parenchyma, positive
margins, and Global Evaluative Assessment of Robotic
Skills (GEARS) scores were all found to improve (p <
0.001, p = 0.025, p = 0.024, p ≤ 0.020, p ≤ 0.006, respec-
tively) even if clamping times and GEARS scores proved to

be significantly better in experienced surgeons hands (p ≤
0.005, p ≤ 0.025, respectively).

Ghazi et al., in a prospective study, created a simulated
inanimate model made of poly-vinyl alcohol (PVA)
hydrogels using a patient’s CT scan with a 42-mm upper
pole renal tumor (R.E.N.A.L. score 7) and stiffened to the
desired consistency in order to simulate live surgery [40].
To replicate the entire surgical procedure, the kidney repli-
ca was layered in its anatomical configuration and
surrounded by perinephric fat, neighboring organs, and
posterior abdominal musculature. All steps of RAPN were
simulated. The model resulted to have good face and con-
tent validity (average score of 3/5 and 4/5, respectively),
providing a useful tool for evaluating and even improving
surgical skills. Statistically significant difference was dem-
onstrated in operative time (OT), ischemia time (IT), surgi-
cal margins, and EBL (all values had p < 0.01). During the
same year, 3D printed renal models with enhancing masses
were tested on 23 first-year medical trainee for characteri-
zation, localization, and understanding of renal malignancy
[41]. The 6 renal models were printed from a transparent
plastic resin, and the tumor was delineated by a red hue. To
medical trainee were asked to complete R.E.N.A.L.
nephrometry score separately using 2D images and 3DMs
and then complete a questionnaire about the experience.
Overall R.E.N.A.L. score accuracy was significantly im-
proved with the 3DM (p < 0.01). In particular, R N and L
components of the score (radius, nearness and location)
showed the higher improvement (p < 0.001) using the
models. All these findings suggest that 3DP could help to
improve trainees’ understanding and characterization of re-
nal masses. Furthermore, when compared to expert urolo-
gists, the interrater agreement improved with the 3DMs (p =
0.002). Marconi et al. showed how 3DMs of 15 patients
scheduled for laparoscopic nephrectomy (LN) helped in
identifying anatomic structures more quickly and accurate-
ly [42]. The lower the experience the higher the improve-
ment, so medical students had the highest benefit (53.9% ±
4.14% of correct answers with 3DMs), instead of experi-
enced urologists and radiologists. Moreover, time was al-
most 50% shorter than reviewing 2D CT scans (60.67 ±
25.5 s vs 127.04±35.91 s, respectively).

About complex renal calculi, few authors have explored
the possibility of surgical training using 3DMs. Firstly, in
2008, a French group exploiting a rapid prototyping tech-
nique created patient-specific silicone 3DMs from CT
scans allowing surgical team and residents to train on the
model before surgery, predicting difficulties due to pa-
tient’s anatomy [43]. After training, the patient underwent
PCNL without complications and discharged at post-
operative day 1. On the other hand, only one patient has
been enrolled, and few surgical outcomes were evaluated.
Subsequently, Stone et al. evaluated 15 consecutive PCNL
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performed by a single urologist [44]. Among these, 7 pa-
tients had specific 3DMs used for preoperative rehearsal
and training. In addition to patients’ collecting system and
staghorn calculi, also the kidney, spine, and posterior ab-
dominal wall were created and assembled. All steps of a
PCNL were simulated, including fluoroscopic access.
Outcomes from the first 8 patients without prior rehearsal
were compared to the 3D group, showing that mean fluo-
roscopy time was significantly lower in the second group
(6.2 and 12.7 min, respectively, p = 0.03), but the higher
improvement was registered on the average number of per-
cutaneous needle access attempts that resulted to be lower
in the 3D group (1.8 vs 5 attempts, p < 0.001). Antonelli
et al. have gone beyond the scope of surgical training
studying the benefits of a novel device (polyethylene sack
called “PercSac”) deployed into a 3D printed collecting
system to capture stones and their fragments during
PCNL simulations, in order to prevent stone migration
[45]. The average time for stone fragmentation resulted to
be significantly shorter in the PercSac group (217 s vs
340 s of the control group, p = 0.028), and total time for
complete stone was significantly shorter too (293 s vs 376
s, p = 0.047). In vitro simulation provided a safe environ-
ment for training and testing the efficacy of the novel de-
vice, laying the groundwork for in vivo surgeries.

Renal access is one of the most important and complex
steps in learning PCNL and ideally should be practiced
outside the operating room particularly for residents.
Simulations could be expensive and time-consuming. To
satisfy the need of a cheap but accurate 3DM for PCNL
training, Turney et al. successfully produced water-soluble
plastic 3DMs of human collecting system to safely practice
the fluoroscopy triangulation for percutaneous renal punc-
ture [46]. However, results focused on costs while no esti-
mation of number of punctures needed was reported neither
improvement of surgical skills. The reduction of caseload
and the increasing focus on patient safety have impacted on
resident surgical training. Ghazi and colleagues validated a
full-immersion platform for simulation before PCNL [47].
After producing 3D human pelvicalyceal system, kidney
and adjacent structures, all steps of PCNL (percutaneous
renal access, nephroscopy, and lithotripsy) were simulated
by 5 experts and 10 novices from both international radiol-
ogy (access only) and urology (full procedure) departments.
3DMs were rated high on realism and educational effective-
ness and provided a useful tool for surgical simulation and
training and also for skill evaluation before hands-on pro-
cedure. The greatest impact resulted on teaching and refin-
ing technical skills (4.71/5) as well as evaluation of perfor-
mance (4.57/5). Obviously, it was registered a significant
difference between experts and novices in mean fluorosco-
py time, number of percutaneous access attempts, and nee-
dle repositioning.

Augmented Reality (AR)

AR refers to the alignment or superimposition of intraopera-
tive, or, more commonly, preoperative imaging onto a pa-
tient’s actual images or video, in real time. This allows the
surgeon to simultaneously assimilate important visual infor-
mation from the operative field with imaging modalities that
usually play a passive role within the operating room (US, CT,
MRI). The reconstructed images are registered onto anatomic
landmarks and tracked by the computer according to the sur-
geon’s tissue manipulation and the camera movements.

The 3D virtual models (3DVM) have been increasingly
utilized in a virtual environment for medical education and
surgical planning over the last decade to provide an increased
understanding of kidney anatomy.

Head-mounted display systems have been proposed during
preoperative planning to visualize 3DMs as holograms. A
mixed-reality tool using zSpace workstation (a computer con-
nected to a stereoscopic screen which allows to visualize vir-
tual objects) was developed by Antonelli and colleagues [48].
A simulation environment can be visualized on the real one,
and this experience seemed to improve preoperative planning
for partial nephrectomy. Compared with a CT scan, mixed-
reality technology could provide much detailed anatomical
information. Augmented reality, properly linked with operat-
ing systems, allows to add information to the real environment
and to overlay 3D constructed virtual images. Nowadays, it is
possible to visualize kidney 3D reconstructions as holograms
in a mixed-reality environment. Porpiglia et al. pioneering
study showed that augmented reality is a feasible and useful
technology in an intraoperative setting [49]. Hyper accuracy
3D (HA3D) models were integrated with the Da Vinci robot
and used during partial nephrectomies for selective clamping.
This augmented reality experienced resulted to be as valid as
the cognitive guidance with the addition that the surgeon
could stay constantly focused on the operative field. The ex-
cision phase of PN can almost surely be considered the hardest
step and an additional guidance by augmented reality showed
promising results.

A similar study was conducted by Checcucci et al during a
urological international meeting organized at their Institution
on January 2019 [50]. Surgeons’ perception of mixed reality
for PN was evaluated. HA3D were performed based on pre-
operative CT scans. Then, a virtual environment was created
with the possibility to interact with 3DMs by using HoloLens.
This mixed reality setting scored very high on both surgical
planning (8/10) and anatomical accuracy (9/10). Furthermore,
participants enthusiastic about its potential role in understand-
ing of surgical complexity: after HoloLens mixed reality ex-
perience, 64.4 and 44.4% of the participants would have
change their clamping and/or resection approach.

Singla et al. augmented-reality system provided an instru-
ment tracking for excision phase [51]. Surgeries were
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successfully performed, and, by this tracking system, the
amount of health parenchyma excised was significantly re-
duced (from 30.6 ± 5.5 to 17.5 ± 2.4 ml, p < 0.05) as well as
the difference depth from the tumor underside to cut resulted
to be statistically significant (from 10.2 ± 4.1 to 3.3 ± 2.3 mm,
p < 0.05).

Recently, a system which allows to overlap endoscopic
images on 3DVM was develop and experienced during
RAPN. Kobayashi et al. used this tool and evaluated the skills
of two expert surgeons on identification and dissection of the
renal artery [52]. This technology showed how the number of
inefficient robotic motions was significantly reduced. A single
center experience on preoperative patient counseling was re-
ported by Wake et al. [26]. A 5-point Likert scale was used to
evaluate overall comprehension of clinical cases after mixed-
reality experience using HoloLens to visualize 3DMs.
Compared with mixed reality, 3DMs showed better results
in the understanding of clinical cases.

Even if NSS is the most frequent surgery in which AR has
been applied, endoscopic surgery, specifically for complex
renal stones, has been tested with this immersive new tool.
From 2017 to 2018, Parkhomenko et al. evaluated four sur-
geons of different expertise in PCNL used immersive virtual
reality (iVR) models during preoperative planning [53]. The
new technology improved surgeon’s understanding of the op-
timal calix entry and stone location and conformation (p <
0.01) than CT imaging alone, altering the operative approach
in 40% of cases. In patients that tried iVR, an important re-
duction of preoperative anxiety due to an improved compre-
hension of surgery was registered. The retrospective matched-
paired analysis showed how iVR group had a statistically
significant decrease in EBL (50 vs 100 mL, p < 0.01), fluo-
roscopy time (180 vs 226 s, p < 0.01), as well as a fewer
punctures (1.13 vs 1.46, p = 0.09) and a higher SFR (39%
vs 20%, p = 0.15).

Similarly, a Turkish group evaluated a novel software to
calculate the correct access point and angle for PCNL by using
pre-operative CT [54]. Two scans, 27 s and 10 min after in-
jection of contrast agent, were taken in prone PCNL position.
In an augmented reality setting, 3DM was placed virtually
onto real object and then calculated access point in 50 patients.
According to the calculated direction angle, an access needle
was displayed virtually on the object. Accuracy of insertion of
needle was checked by feeling crepitation on stone surface
and observing tip of needle touching stone in a control CT
scan. However, the authors stated that further research is re-
quired to test its accuracy and safety in humans.

Conclusion

Several applications of 3DP have been proposed in the last
few years in many fields. As far as innovation in 3DP

technology gets better, 3D patient-specific models are becom-
ing more affordable and widespread, even in smaller centers.
Possible applications of 3DP in kidney surgery include surgi-
cal planning, patient education, training, and intraoperative
AR, leading to goals never thought before. The disposability
of 3D models in healthcare scenarios might improve surgical
outcomes, learning curves of novice surgeons and residents,
as well as patients’ understanding and compliance, allowing a
more shared surgical decision-making. Further studies aimed
to standardize this technology application are needed to guar-
antee a new and universally shared way to approach kidney
procedures.
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