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Introduction
Advancements in technologies have led to the 
integration of artificial intelligence (AI) in 

healthcare, defined as the computational ability 
of a machine to mimic human cognitive tasks in 
medical practice. Several applications of AI can 
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Abstract
Introduction: We wanted to analyze the trend of publications in a period of 30 years from 1994 
to 2023, on the application of ‘artificial intelligence (AI), machine learning (ML), virtual reality 
(VR), and radiomics in percutaneous nephrolithotomy (PCNL)’. We conducted this study by 
looking at published papers associated with AI and PCNL procedures, including simulation 
training, with preoperative and intraoperative applications.
Materials and Methods: Although MeSH terms research on the PubMed database, we 
performed a comprehensive review of the literature from 1994 to 2023 for all published papers 
on ‘AI, ML, VR, and radiomics’ in ‘PCNL’, with papers in all languages included. Papers were 
divided into three 10-year periods: Period 1 (1994–2003), Period 2 (2004–2013), and Period 3 
(2014–2023).
Results: Over a 30-year timeframe, 143 papers have been published on the subject with 116 
(81%) published in the last decade, with a relative increase from Period 2 to Period 3 of +427% 
(p = 0.0027). There was a gradual increase in areas such as automated diagnosis of larger 
stones, automated intraoperative needle targeting, and VR simulators in surgical planning and 
training. This increase was most marked in Period 3 with automated targeting with 52 papers 
(45%), followed by the application of AI, ML, and radiomics in predicting operative outcomes 
(22%, n = 26) and VR for simulation (18%, n = 21). Papers on technological innovations in PCNL 
(n = 9), intelligent construction of personalized protocols (n = 6), and automated diagnosis (n = 2) 
accounted for 15% of publications. A rise in automated targeting for PCNL and PCNL training 
between Period 2 and Period 3 was +247% (p = 0.0055) and +200% (p = 0.0161), respectively.
Conclusion: An interest in the application of AI in PCNL procedures has increased in the 
last 30 years, and a steep rise has been witnessed in the last 10 years. As new technologies 
are developed, their application in devices for training and automated systems for precise 
renal puncture and outcome prediction seems to play a leading role in modern-day AI-based 
publication trends on PCNL.
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be found in the management of renal stones, 
especially in percutaneous nephrolithotomy 
(PCNL) procedures.1

Machine learning (ML), along with deep learning 
(DL), artificial neural network (ANN), and natu-
ral language processing, is an automated system, 
able to help with the diagnostic process and pre-
dict treatment outcomes by processing big data to 
obtain patient-specific information.2 Information 
generated with those devices can be further incor-
porated into radiomic models to guide urologists 
through the choice of management plans.3 Albeit 
these new technologies have increasingly been 
applied to urolithiasis, the most common usage of 
AI nowadays is training and simulation, with dif-
ferent intelligent devices such as virtual reality 
(VR), augmented reality (AR), mixed reality 
(MR), and three-dimensional patient-specific 
models (3D).4 Several studies have investigated 
how simulation impacts the surgical training of 
residents, who have to face the complex steps of 
endourological procedures, especially with regard 
to PCNL.

PCNL is the treatment of choice for larger renal 
stones (>20 mm) and lower-pole stones with 
unfavorable anatomy. It is a complex procedure, 
with different steps that require expertise and pre-
cision.5 Moreover, the trifecta of a good mini-
mally invasive PCNL is to perform a precise 
percutaneous renal access (PCA) and achieve a 
stone-free status with a single uncomplicated ses-
sion and a short hospital stay. Complications can 
occur during PCA, mostly due to the risk of 
endangering the surrounding organs and a higher 
rate of bleeding during access and tract dilatation 
compared to other endourological procedures.6 
Still, PCNL stone-free rates are usually over 90% 
and it can be used to treat complex stones in both 
adults and children.7

The role of AI in PCNL procedures has been 
investigated by a few articles in recent years, with 
particular focus on the ability of VR and 3D mod-
els to help obtain a precise PCA, as well as the role 
of ML and radiomics in predicting treatment out-
comes and conceptualize a patient-specific surgical 
plan.8 Great interest has also been shown in the 
development of training protocols for both resi-
dents and trained urologists. VR and 3D models 
translate into shorter learning curves in the context 
of a low-risk training setting.9 While the impor-
tance of the integration of these new technologies 

in PCNL is now widely acknowledged, current lit-
erature lacks analysis regarding the bibliometric 
trends of publications in the last decades. With the 
present review, we aim to fill this gap and report 
how the publication trends about the applications 
of AI and its subsets in PCNL procedures have 
changed over time.

Materials and methods
A review of the literature was conducted using 
MeSH terms, title words, and keywords in 
PubMed over the last 30 years, from January 1994 
to February 2023 for all published papers on 
‘PCNL’.

The authors developed a search protocol, and the 
study was performed in line with the Cochrane 
methodology and the Preferred Reporting Items 
for Systematic Reviews and Meta-Analyses 
(PRISMA) framework.10 All relevant abstracts 
regarding specific topics were collected year by 
year from 1994 to 2023 through research on the 
online database PubMed. Keywords used for 
searching included the following: ‘Percutaneous 
nephrolithotomy’, ‘PNL’, ‘PCNL’, ‘Kidney cal-
culi’, and ‘Renal stones’. MeSH terms used in this 
screening process were as follows: ‘Artificial 
Intelligence’, ‘Radiomic’, ‘Virtual Reality’, 
‘Augmented Reality’, ‘Mixed Reality’, ‘Machine 
Learning’, ‘Deep Learning’, ‘Artificial Neural 
Network’, ‘Natural Language Processing’, 
‘Simulation’, ‘3D Model’, ‘Robotic PCNL’, and 
‘Automated Needle Targeting’. As the authors did 
not apply any language restrictions, all English and 
Non-English full-length articles with published 
abstracts in an indexed journal were included in 
the study. Case reports, case series, and reviews 
were all included. Studies without a published 
abstract and animal studies were excluded.

All full-length English language studies and all 
non-English studies with abstracts written in the 
English language were considered for inclusion. 
Inclusion criteria were listed as studies reporting 
on AI, machine learning, virtual reality, and radi-
omics in PCNL with topics: preoperative surgical 
planning, patient-specific protocols or models, 
counseling, prediction of outcomes, intraopera-
tive application of AI for automated targeting and 
laser settings, and training and simulation in 
PCNL intervention. Studies performed on ani-
mals and studies on the application of AI in treat-
ments other than PCNL were excluded.

https://journals.sagepub.com/home/tau
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Research of literature was performed indepen-
dently by two authors (CN and CC) to identify 
studies and discrepancies were resolved after 
input and discussion with the senior author 
(BKS) (Figure 1). After inclusion in the database, 
each article was matched to one topic: (1) clinical 
(preoperative setting), (2) surgical procedure 
(intraoperative setting), and (3) training (simula-
tion for educational purposes). Articles were then 
labeled according to the year of publication: 
Period 1 (1994–2003), Period 2 (2004–2013), 
and Period 3 (2014–2023).

Extracted data were collected in an Excel data-
base and analyzed with XLStat statistic software. 
An independent t-test analysis was performed to 
evaluate the difference (∆) of means in the num-
ber of publications between Period 1 and Period 
2, and then between Period 2 and Period 3. A 
further statistical analysis was then executed 
through the Mann–Kendall trend test, to identify 
any positive or negative trend during the overall 
timeline. The threshold value of significance was 
assessed at p < 0.05.

Results
In our research, 143 articles have been published 
over the last 30 years on the application of AI, 
radiomics, VR, ML, and DL in PCNL (Table 1). 
In total, 17 papers were written in a non-English 
language: four in Chinese, three in French, two in 
German, one in Italian, one in Polish, five in 
Russian, and one in Spanish.

Only five papers (3.5%) were published in Period 
1, 22 (15.4%) in Period 2, and 116 (81.1%) in 
Period 3, with a significant increasing trend 
(Figure 2) in both temporal comparisons 
(∆1:2 =+ 340%, p = 0.0176 and ∆2:3 =+ 427%, 
p = 0.0027). The Mann–Kendall trend test con-
firmed a positive trend in publications over 
30 years (p < 0.0001).

Papers reporting on the application of AI and its 
subsets in a preoperative setting were 45 
(31.5%). In Period 1, only two papers were 
found, both about the automated prediction of 
PCNL outcomes, while during Period 2 no arti-
cle was found in this category. The remaining 
43 papers were published during Period 3, with 
nine articles discussing ‘Innovations in PCNL’, 
28 about ‘Prediction of outcomes’, and six on 
the development of ‘Personalized protocols’. 

Statistical analysis found a nonsignificant decrease 
in publication from Period 1:2 (∆1:2 = −100%, 
p = 0.151) and a following increasing trend in 
Period 3 (∆1:3 =+ 2050%) with statistical infer-
ence comparing Period 1:3 (p = 0.0123) and 
Period 2:3 (p = 0.0090). This positive trend was 
found again in ‘Innovations’ (p = 0.0044) and 
‘Prediction of outcomes’ (p = 0.0074) papers 
between Period 2 and Period 3.

Publications on the surgical application of AI rep-
resented the largest share, with 70 papers in three 
decades. Among the first two periods, an increas-
ing yet nonsignificant trend of +400% was wit-
nessed (Period 1 n = 2 versus Period 2 n = 15, 
p = 0.0615). The rise in the number of published 
papers was indeed significant from Period 2 to 
Period 3, with 15 and 52 papers, respectively 
(∆1:3 =+ 247%, p = 0.0055) (Figure 3). All the 
papers published in this category could be also 
indicated as papers on ‘Automated Needle 
Targeting’ in PCNL procedures.

Papers on the application of AI for educational 
purposes were 28, with 21 papers published in 
Period 3, 7 in Period 2, and none in Period 1. 
Consequently, an analysis of statistical differ-
ences was performed only between the last two 
time periods. The increase in publication from 
Period 2 to Period 3 was significant at +200% 
(p = 0.0161). 39.3% of the papers used 3D-printed 
patient-specific models to plan and simulate a 
procedure, while the remaining 60.7% used VR 
simulators for both surgical planning and resident 

Figure 1.  PRISMA flowchart for identification of the studies.
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Table 1.  Distribution of papers published in preoperative, surgical, and training settings in different years.

Total papers Preoperative Surgical Training

1994 1 1  

1995 0  

1996 0  

1997 1 1  

1998 0  

1999 1 1  

2000 2 1 1  

2001 0  

2002 0  

2003 0  

2004 1 1

2005 2 2  

2006 2 2  

2007 0  

2008 3 3

2009 1 1

2010 2 2  

2011 1 1  

2012 3 2 1

2013 7 6 1

2014 6 1 3 2

2015 5 1 3 1

2016 7 3 3 1

2017 12 3 5 4

2018 6 1 4 1

2019 14 6 5 3

2020 18 7 7 4

2021 16 4 10 2

2022 30 16 11 3

  141 44 69 28
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training. The increasing number of simulations 
based on 3D-printed models increased by +900% 
from Period 2 to Period 3 (p = 0.0044), while the 
higher number of published papers with VR sim-
ulators was found devoid of statistical significance 
(+83%, p = 0.2945).

A statistically significant positive correlation in 
the trend of publications regarding the applica-
tion of AI in a preoperative setting (p = 0.0001), 
intraoperative setting (p < 0.0001), and for edu-
cational purposes (p < 0.0001) was pointed out 
by the Mann–Kendall trend test. Table 2 sum-
marizes the results of the trend analysis.

Discussion
The interest in publications regarding the aid of 
AI in PCNL procedures has risen in the last 
three decades, and in particular in the last 
10 years.11 This interest reflects a growing num-
ber of published articles that can be found in the 
literature. The present review is one of the first 
studies to analyze the increasing bibliometric 
trend on this subject.

Numerous published articles in the last decades 
have discussed the role of AI in the preoperative 

Figure 2.  Number of publications in a different setting year by year. The area in light blue represents the total 
papers. The black line shows the increasing trend of publications.

Figure 3.  Comparison of the number of publications in Period 2 versus 
Period 3, in both ‘Automated Needle Targeting’ papers (purple) and 
‘Training’ papers (blue).

https://journals.sagepub.com/home/tau
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management of renal stones, pointing out the 
improvements in clinical practice, driven by the 
introduction of ML, ANN, DL, and radiomics in 
the diagnostic process.12 Algorithms can be used 
to precisely diagnose renal calculi and character-
ize their features. Automated systems have in fact 
been repeatedly recognized as valid and superior 
to the human eye diagnostic ability.13 More 
recently, the capability of AI in predicting surgical 
outcomes has been explored. ML techniques and 
algorithms have been applied to develop decision 
support systems that can comprise variables from 
the patient’s history, laboratory findings, and 
stone composition to predict postoperative stone-
free status and risk of stone recurrence.14

With regard to the preoperative setting, some 
studies have also focused on the usage of 3D 
models in counseling. It has in fact been studied 
on how a realistic and specific model could help 
patients understand their own anatomical fea-
tures and thereby the procedure itself, with posi-
tive reflection on expectations and postoperative 
satisfaction.15 These promising results may lead 
to the embedding of 3D models in patient coun-
seling and consent, with improvement in patient–
doctor relationships.

As our review pointed out, one of the main areas 
of publication was the application of AI in renal 
access. Performing a correct PCA is often chal-
lenging, especially in the case of complex stag-
horn stones or anatomical anomalies.16 
3D-printed models have been introduced in the 
preoperative management of renal stones to bet-
ter understand the possible puncture site and 
angle, and thereby avoid major complications.17 
Randomized controlled studies have reported 

improvement in surgical outcomes with regard to 
operating time, blood loss, and complications.18 
VR, MR, and AR simulators are indeed more 
expensive compared to 3D models but come with 
the advantage of intraoperative applicability of 
simulation images overlapped to real-time fea-
tures. These devices allow the surgeons to 
improve their understanding of the three-dimen-
sional anatomical structures, helping them in per-
forming a more accurate PCA.19

The most recent innovation for PCA is repre-
sented by robotic-assisted PCNL, a system that 
combines 3D visualization of detailed anatomy 
with the accurate movement of robotic arms.20 
This device uses AI to integrate fluoroscopic 
images with markers of stone position, allowing 
automated needle targeting and gaining a hyper-
accurate PCA. Even if a manual identification of 
the targeted calyx is needed, the progress reached 
by robotic PCNL is undeniable.21 The attraction 
garnered from this device is proven by the high 
number of randomized trials and reviews pub-
lished in the last few years, to assess the real value 
of the automated needle targeting.22

Finally, we report an increasing interest in 
AI-based training studies. From the first bench 
simulators, with low fidelity in terms of realism 
and patient-specific anomalies, great strides have 
been made. One of the most analyzed simulators 
for PCNL education is the PERC mentor,23 a VR 
simulator especially developed for PCA that has 
attracted attention and been used in several vali-
dation studies. Training on simulators enables 
residents to practice high-fidelity models in a low-
stress environment, gaining the fundamental 
skills required for difficult endoscopic procedures 

Table 2.  Results of the statistical analysis performed. Independent t-test analysis shows the significance of the change in a number 
of total publications and of each subset between the first two decades (1994 and 2003 versus 2004–2013) and the last two time 
periods (2004–2013 versus 2014–2023). The relevance of the positive trend of increased publication during the 30-year timeline is 
shown by Mann–Kendall test.

Subject Period 1 versus Period 2 Period 2 versus Period 3 Mann–Kendall 
tend test

Increase (%) Independent t-test Increase (%) Independent t-test Positive trend (p)

Total publications +340% p = 0.0176 +427%, p = 0.0027 p < 0.0001

Preoperative setting −100% p = 0.151 N/A p = 0.0090 p = 0.0001

Intraoperative setting +400% p = 0.0615 +247% p = 0.0055 p < 0.0001

Training N/A N/A +200% p = 0.0161 p < 0.0001
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like PCA.24 Interest in simulation-based training 
has led to the development of standardized proto-
cols that can be introduced in residents’ educa-
tion and evaluation, with implications in 
well-known training programs worldwide.25 
Thereby, the benefits given to both patients and 
trainees are remarkable.

While the applications of AI in the medical field as 
well as in the management of urolithiasis and in 
particular with PCNL are being researched and 
developed in various parts of the world, the extent 
of their worldwide adoption may vary.26 Countries 
with more funds available to invest in research 
have understandably been at the forefront of AI 
adoption in medicine since its first introduction, 
while it is more difficult for developing countries to 
invest in research and trials.27 The United States is 
still the leader in the application of this new tech-
nology, with Food and Drug Administration 
(FDA) approving AI-based medical devices and 
algorithms.28 The Asian continent closely follows, 
where China, India, and Japan have made signifi-
cant investments in AI medical research, develop-
ing devices for early disease detection, image 
analysis, and telemedicine. Several countries in 
Europe, such as the United Kingdom, Germany, 
and France, are also exploring AI’s potential, grad-
ually including it in educational programs and 
diagnostic tools.29 These examples represent a 
fraction of global AI adoption in medicine, and 
many other countries are actively implementing AI 
technologies in their healthcare systems. On the 
other hand, aside from an economic barrier to AI 
application in medicine, other factors still repre-
sent an obstacle to its spread worldwide. Potential 
barriers can be classified as technological and 
methodological, for example, the high cost associ-
ated with the development and maintenance, and 
the limited reproducibility due to the complexity of 
the methods. The lack of awareness and political 
commitment, with the low level of acceptance and 
consent by patients and medical professionals, rep-
resents regulatory and political compliance issues. 
Finally, there is a barrier related to the human fac-
tor, in the lack of adequate skills for applying AI 
methods in outcomes research, the lack of ade-
quate training to generate AI-guided scientific evi-
dence, and the lack of agreement on AI-guided 
methods and the use of scientific evidence.30 All of 
these factors combine to slow the rise of the global 
application of a resource that could implement 
health systems.

With this review, we aimed to evaluate the increas-
ing trend of PCNL and AI publications in the last 
decades, presenting a comprehensive report of 
bibliometric trends. As both English and non-
English language papers were included in the 
study, this review sought to be as inclusive as pos-
sible. One limitation of this is represented by the 
fact that articles published in a non-index journal 
may have been missed. But we feel confident that 
this study correctly reflects the bibliometric trend 
of publications just using PubMed alone as a 
research database.31 Hence, by evaluating the ris-
ing trend of publications in the last 30 years, this 
review demonstrates the acknowledged impact 
and the widespread applications of AI in PCNL 
procedures and training, and something likely to 
be included in guidelines soon.32

Conclusion
The number of published papers analyzing the 
role of AI and its subsets in the surgical manage-
ment of renal stones through PCNL has increased 
significantly in the last decade. The main focus of 
publications in an intraoperative setting is repre-
sented by the development of new technologies 
for automated needle targeting toward precise 
renal access and prediction of surgical outcomes. 
The use of simulators for PCNL training has 
risen in the last few years, with a great impact on 
residents’ educations. With the potential of 
improving patient-specific care in endourology, 
more publications on AI in PCNL are to be 
expected in the future.
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