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A B S T R A C T

Background: Complete preoperative comprehension of the adjacent structures of the kidney and 
location of renal vessels is essential for robot-assisted partial nephrectomy (RAPN). The effec-
tiveness of three-dimensional (3D) visualization techniques in improving perioperative outcomes 
of RAPN has been inconsistent and has not been reported in Northeastern China.
Methods: In this cohort study, we reviewed patients with renal tumours who underwent RAPN 
between April 2019 and April 2024. Three-dimensional visualization models were reconstructed 
to evaluate resectability parameters, including vascular variations, collection system infiltration, 
and lymphatic involvement. Subsequently, a meta-analysis combining previous studies utilising 
3D visualization techniques for partial nephrectomy was conducted.
Results: Of the 324 patients in the cohort, 147 were preoperatively evaluated using the 3D 
technology. Group 3D had significantly less estimated blood loss (P < 0.001) and a shorter 
operative time (P = 0.016) than in group No 3D. We also found that the rates of intraoperative 
ultrasound use (P = 0.015), intraoperative complications (P = 0.007), intraoperative transfusions 
(P = 0.007), and postoperative Clavien complications (P < 0.001) in group 3D were significantly 
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lower than in group No 3D. The above findings were consistent in the subgroup with R.E.N.A.L. ≥
8 points partly. Furthermore, a meta-analysis identified 11 studies that included 1522 patients 
who underwent RAPN. Use of 3D visualization technology resulted in decreased 55 % risk of 
opening the collecting system (Risk Ratio [RR] = 0.45[0.22–0.92], P = 0.030) and 79 % inci-
dence of conversion to radical nephrectomy (RR = 0.21[0.08–0.57], P = 0.002). The RAPN group 
assisted by 3D visualization techniques showed an 81 % reduction in the risk of blood transfusion 
than in the control group (RR = 0.19[0.08–0.44], P < 0.001).
Conclusions: The application of 3D technology in RAPN appears to be superior for improving 
precise tumour removal and reducing adverse perioperative outcomes and should be considered 
for wide use in clinical practice.

1. Introduction

Small renal masses have been increasingly detected over the past two decades owing to the advent of cross-sectional imaging. 
Partial nephrectomy (PN) has been broadly embraced as the standard of care in the treatment of T1 renal parenchymal tumours [1–7]. 
Nephron-sparing surgery has been proven to significantly lower the potential risk of chronic renal failure compared with radical 
nephrectomy [8,9]. Protecting normal renal parenchyma from ischaemic injury can effectively prevent poor clinical outcomes such as 
cardiovascular events and chronic kidney disease, as well as improve overall survival and mortality [10–13].

Generally, blood flow is controlled to attain a sufficient resection margin by clamping the main hilar vessels during surgery [2]. 
However, a prolonged warm ischaemia time may hinder renal function rehabilitation, especially in patients with risk factors such as 
diabetes and hypertension [2,14]. Therefore, the duration of warm ischaemia and surgery as well as estimated blood loss (EBL) must be 
mitigated to alleviate renal function injury. Off-clamp robot-assisted partial nephrectomy (RAPN) has also been proposed to reduce 
renal ischaemic injury and better preserve postoperative renal function. While there have been reports of avoiding renal artery 
clamping may lead to a higher risk of intraoperative complications, estimated blood loss and positive surgical margin [15,16]. 
However, a recent meta-analysis of 10 studies with 2307 patients indicated that the perioperative complication rate of off-clamp RAPN 
group was similar to that of the on-clamp RAPN group and may be better protected against renal function and reduce the rate of 
positive margins [17]. This new finding suggests that the off-clamp technique is becoming more established and is improving renal 
function in patients as RAPN becomes more widespread and urologists enhance their surgical skills. Given the current “precision 
surgery” era, it is an indispensable preoperative step to comprehensively understand the detailed surgical anatomy of the kidney. 
Identifying the intrarenal vessel anatomy using only two-dimensional computed scan slices is challenging [5]. Three-dimensional (3D) 
reconstruction images generated using a software-aided technique to analyse enhanced computed tomography (CT) scan images may 
be considered a superior and promising choice [10,18]. Preoperative strategies and intraoperative real-time navigation can be ach-
ieved using 3D reconstruction [4,9,19,20]. Preoperative 3D reconstruction based on enhanced computed tomography (CT) has 
emerged as a potential technique for improving the quality of surgical resection. This rapidly evolving technology has greatly 
improved doctors’ understanding of tumours and surrounding anatomical structures [21–23].

For more complex endophytic renal tumours (R.E.N.A.L. ≥ 8 score), intraoperative bleeding is higher than exophytic tumour due to 
the deeper location of the tumour and proximity to the collecting system; moreover, it is often not feasible to differentiate tumour and 
the renal parenchyma due to their closed relationship. Therefore, for patients with complex renal tumours, the rational application of 
preoperative 3D visualization can significantly control intraoperative bleeding, reduce operative time, and achieve the goal of trifecta 
achievement [3,24–26]. The flexibility of the robotic arm allows RAPN to be a more precise approach for complex clinical stage T1 
renal tumours [27]. Minimally invasive laparoscopic and robotic approaches are less traumatic to patients and maintain oncologic 
efficacy compared to open nephron-sparing surgery, resulting in reduced convalescence time and fewer complications [2,9,28,29].

Currently, studies on RAPN are limited, especially in China, and the effectiveness of 3D-related technologies in this field remains 
inconclusive. Thus, this study employed a retrospective cohort design to evaluate the perioperative effects of 3D reconstruction in 
patients who underwent RAPN. Given the limitations of this single-centre study, we conducted a Meta-analysis of 3D technology in 
RAPN to provide a comprehensive assessment of its current status within the field.

2. Materials and methods

2.1. Retrospective cohort study

2.1.1. Patient selection and criteria
This retrospective study was conducted at our center and included 324 consecutive patients with renal tumours who underwent 

RAPN between April 2019 and April 2024. All patients were informed about the treatment, including surgery, risks, and complications, 
and were then divided into two groups according to whether they volunteered to undergo preoperative CT-based 3D reconstruction: 
147 patients underwent 3D reconstruction based on enhanced CT, whereas the remaining 177 patients had their tumours assessed 
using conventional enhanced CT. The inclusion criteria were as follows: (1) clinical stage determined as T1N0M0 or carefully selected 
T2N0M0 by enhanced CT, isolated tumour; (2) normal contralateral kidney; and (3) no history of kidney surgery. Ethical approval for 
the study was granted by the Ethics Review Committee of the Second Affiliated Hospital of Dalian Medical University, and due to the 
retrospective nature of the study, the requirement for informed consent from the patients was waive (Ethical Approval Number: 
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202124).

2.1.2. CT and three-dimensional reconstruction
Preoperatively, a 64-multidetector row CT scanner with a 0.5 mm step interval was used to perform contrast-enhanced CT scans on 

Fig. 1. Flow diagram of three-dimensional reconstruction: (A): original DICOM format computed tomography files; (B): structures outlined by 
artificial intelligence; (C): manual correction; (D): three-dimensional reconstruction; (E): automatic measurement of structures.

Fig. 2. Combination of two-dimensional and three-dimensional images in axial (A) and coronal (B) views.
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all patients. Imaging data from the arterial, portal vein, and delayed phases were obtained by intravenous injection of a contrast 
medium into the patient’s peripheral vein. Raw contrast-enhanced CT in the DICOM format forms the basis of three-dimensional 
reconstruction, which involves extracting related anatomical parameters, such as arteries, veins, renal tumours, abdominal aorta, 
renal parenchyma, and the renal collecting system, through artificial intelligence (Fig. 1A and B). These parameters are manually 
analysed and integrated by IPS 3D reconstruction software (YORKTAL) into a retroperitoneal 3D image (Fig. 1C and D). Volumetric 
measurements of the individual structures are automatically performed (Fig. 1E). The 3D reconstruction technique allows surgeons to 
recognise the size and location of tumours and the anatomical relationship between the tumours and surrounding structures more 
clearly before surgery (Fig. 2A and B). The surgical simulation software YORKTAL includes tools for measuring the tumour volume and 
diameter. In addition, the platform allows doctors to observe tumours from any angle and determine the spatial distribution of 
retroperitoneal structures. Otherwise, individual anatomical structures can be zoomed in, out, transparentized, or hidden by the 
surgeon so that doctors can further prepare for and understand the surgery. The 3D reconstruction technique provides surgeons with a 
comprehensive assessment of the patient’s condition and a complete awareness of the complexity of the operation.

2.1.3. Combination of three-dimensional renal reconstruction and operation
All RAPNs were performed by an experienced urologist and achieved with da Vinci ® Si surgical systems. Ultrasound was used 

appropriately during surgery. All patients underwent RAPN under general anaesthesia. The robotic arm was placed into three trocar 
holes in the lumbar region. After dilation of the retroperitoneal space, retroperitoneal fat was dissociated, and Gerota’s fascia was 
sharply dissected. After the hilum was located and perirenal fat was removed, the locations of the tumour and renal artery could be 
clearly identified. A surgical assistant stood beside the surgeon, who provided 3D imaging of the tumour on a touchscreen device for 
intraoperative guidance and reference. The imaging data of anatomical structures can vary in size and direction with changes in the 
surgical field. Furthermore, the assistant can demonstrate relevant anatomy to be isolated based on the preoperative discussion to 
facilitate surgeon’s effort in locating the tumours and surrounding structures and improve success rate of complete tumour resection. 
Moreover, the position of bulldog clamps of renal hilar vessels was consistent with the preoperative preparation (Fig. 3A and B). 
Tumour resection was performed, and the renal pelvis, collecting system, renal medulla, and cortex were sutured using 2-0 V-Loc and 
3-0 V-Loc sutures to avoid possible postoperative bleeding and urine leakage. Bulldog clamps were removed after ensuring that all 
possible entryways were closed. No active bleeding was detected in the surgical area, and haemostatic gauze was placed on the surgical 
wound and renal artery. Pathological specimens were removed using a specimen bag, and an indwelling retroperitoneal drainage 
catheter was placed and appropriately secured.

2.1.4. Statistical methods and data
Demographic data, preoperative characteristics, perioperative variables, and pathological results were recorded. Details of the 

perioperative and Clavien complications are shown in Supplementary Table 1 and Supplementary Table 2. Various statistical methods 
have been applied to diverse types of statistical data. Measurement data were tested by Student’s t-test and Mann‒Whitney U test in 
accordance with whether the data met the normal distribution and then reported as the mean ± standard deviation (SD) or median and 
interquartile range (IQR). For counting data, statistical tests such as Pearson’s chi-square test, Fisher’s exact test, and continuity 
correction were chosen based on the total number of cases and the expected frequency. A two-sided P value < 0.05 was considered 
statistically significant in this study. All statistical calculations in this study were conducted using the IBM SPSS Statistical Software 
(IBM SPSS Statistics 26.0, IBM Corporation, USA).

2.2. Meta-analysis

2.2.1. Search strategy
This meta-analysis adhered to the PRISMA guidelines. We searched MEDLINE, Cochrane Library, EMBASE, and Scopus databases 

for relevant articles. The search string was built as follows: ((Robot assisted partial nephrectomy) OR (RAPN) OR (robot-assisted 
laparoscopic partial nephrectomy) OR (RALPN) OR (RPN)) AND ((Three-dimensional) OR (3D) OR (3-dimensional)). Searches were 
restricted to the period from the inception of the database to May 13, 2023 and there were no restrictions on country or article type. 

Fig. 3. The renal artery (black arrows) was identified during robot-assisted partial nephrectomy (A), and its anatomical morphology and sur-
rounding adjacencies were consistent with the preoperative three-dimensional visualization reconstruction (B).
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Two independent reviewers assessed articles that matched the study by title and abstract, as well as the original full text, including as 
many eligible articles as possible. This meta-analysis was approved by the PROSPERO review protocol (CRD42023426266).

2.2.2. PICOS criteria
P (Population): Patients diagnosed with renal parenchymal tumour and undergoing RAPN.
I (Intervention): Using 3D technology to assist urologists in perioperative operations, including 3D reconstruction, 3D real-time 

navigation, 3D virtual reality, 3D augmented reality, and other related 3D technologies.
C (Comparator): Patients who did not use 3D technology to assist with RAPN.
O (Outcome):
Intraoperative outcomes: global ischaemia, global ischaemia time, partial ischaemia time, EBL, operative time, console time, 

opening of the collecting system, intraoperative complications, intraoperative ultrasound use, and conversion to radical nephrectomy.
Postoperative outcomes: postoperative complication, transfusion, surgical margins, and length of stay.
S (Study design): All comparative studies, including randomised clinical studies, case-control studies, and cohort studies, were 

included.

2.2.3. Eligibility criteria
Articles included in this study were required to meet the following inclusion and exclusion criteria:
Inclusion criteria. 

1. Surgery in patients with renal cancer performed by RAPN;
2. Surgery in patients in the experimental group utilized 3D technology to assist in the RAPN;
3. Contains the required outcomes information.

Exclusion criteria. 

1. Animal experiments, reviews, case reports, commentaries;
2. Missing key information or data that cannot be converted;
3. Single-arm study.

2.2.4. Data extraction and quality assessment
We extracted the following basic information from the 11 final trials, including this cohort study: first author, year of publication, 

country or region, study type, and mode of use of 3D technology. In addition, we extracted the study sample size, participant age, 
clinical or pathological stage, and perioperative outcomes to be analysed. Two reviewers independently extracted and cross-checked 
the data, and any disagreements were resolved after arbitration by a third reviewer.

Table 1 
Overall patient demographics and preoperative characteristics.

No 3D 3D P value

No. of patients 177 147 
Malesa 114 (64.4) 88 (59.9) 0.401
Ageb (yr) 58.1 (11.7) 58.6 (12.0) 0.654
BMIc (kg/m2) 25.7, 25.0 (23.5; 27.5) 25.1, 25.1 (23.2; 26.7) 0.227
ECOGc 0.21, 0 (0; 0) 0.24, 0 (0; 0) 0.889
ASA scorec 1.39, 1 (1; 2) 1.29, 1 (1; 2) 0.095
Preoperative hemoglobinc (g/L) 141.7, 143.0 (130.0; 156.0) 139.7, 141.0 (129.0; 151.0) 0.281
Tumor size at CT scanc (mm) 34.4, 32.0 (26.0; 41.0) 35.5, 33.0 (25.0; 43.0) 0.908
Clinical stagea   0.319
cT1a 130 (73.4) 104 (70.7) 
cT1b 43 (24.3) 35 (23.8) 
≥cT2 4 (2.3) 8 (5.4) 
R.E.N.A.L. scorec 7.57, 8.0 (6.0; 9.0) 7.29, 7.0 (6.0; 8.0) 0.069
PADUA scorec 8.5, 8.0 (7.0; 9.0) 8.5, 8.0 (7.0; 10.0) 0.733
Tumor location (up/low)a   0.480
Upper pole 72 (40.7) 62 (42.2) 
Mediorenal 49 (27.7) 47 (32.0) 
Lower pole 56 (31.6) 38 (25.9) 
Tumor location (anterior/posterior)a   0.549
Anterior 89 (50.3) 69 (46.9) 
Posterior 88 (49.7) 78 (53.1) 
Tumor location (rim)a   0.573
Medial rim 68 (38.4) 61 (41.5) 
Lateral rim 109 (61.6) 86 (58.5) 

ASA = American Society of Anesthesiologists; BMI = body mass index; CT = computed tomography; ECOG = Eastern Cooperative Oncology Group; 
IQR = interquartile range, a = no. (%); b = mean (standard deviation); c = mean, median (interquartile range).
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The Newcastle-Ottawa Scale (NOS) was used for cohort studies. A total score of 9 on the NOS scale was obtained: the selection 
section accounted for 4 points, the comparability section contained 2 points, and the outcome section contained 3 points. Higher scores 
indicated higher quality studies. Quality assessment of the RCT was performed according to the Cochrane Collaboration risk-of-bias 
tool, which assesses article bias in seven aspects.

2.2.5. Statistical analysis
For all dichotomous variables, outcomes were compared using risk ratio (RR). For continuous variables, effect size was defined as 

the mean difference (MD). It is worth noting that for continuous variables, we extracted the mean and SD; if only the median and IQR 
were provided in the text, we transformed the data using the method for Unknown Non-Normal Distributions [30]. When hetero-
geneity was high, I squared >50%, a random-effects model was applied; otherwise, a fixed-effects model was adopted for the analysis. 
All meta-analyses were performed using Review Manager 5.3 (RevMan, Version 5.3) and P < 0.05 was considered significant.

3. Results

3.1. Retrospective cohort study

3.1.1. Overall preoperative baseline demographics
All 147 patients in the 3D model group underwent successful preoperative reconstruction. The average age of the patients in group 

3D was 58.6 years, while that in group No 3D was 58.1 years. The proportion of males in group 3D was 59.9 % compared to 64.4 % in 
group No 3D. Analysis of demographics and preoperative characteristics revealed that both groups were comparable in terms of sex 
distribution (P = 0.401), age (P = 0.654), BMI (P = 0.227), Eastern Cooperative Oncology Group (ECOG) performance (P = 0.889), 
American Society of Anaesthesiologists (ASA) score (P = 0.095), tumour size on CT scan (P = 0.908), and clinical stage (P = 0.319). In 
assessing the morphology and location of the renal tumour, there were no significant differences in the R.E.N.A.L. score (P = 0.069), 
PADUA score (P = 0.733), or tumour location in different orientations between the two groups (Table 1).

3.1.2. Overall perioperative outcomes
Among the perioperative parameters, the estimated blood loss (P < 0.001) and operative time (P = 0.016) were significantly lower 

in group 3D. Moreover, group 3D also had a significantly lower rate of intraoperative ultrasound (US) use (P = 0.015) and post-
operative Clavien complications (P < 0.001). In addition, it is worth noting that there was a significantly higher incidence of intra-
operative complications (P = 0.007) and intraoperative transfusion rates (P = 0.007) in the No 3D group, whereas these conditions did 
not occur in any of the patients in the 3D group. No significant differences were found in length of stay (P = 0.077), ischaemia time (P 
= 0.878), the incidence of conversion to radical nephrectomy (P = 0.298), or the change between preoperative serum creatine (SCr) 
and postoperative SCr (ΔSCr) (P = 0.840) (Table 2).

3.1.3. Overall pathological outcomes
Analysis of the pathological analysis revealed statistically significant differences in the distribution of pathological stages (P <

0.001) and pathological histology (P = 0.030), as determined by the pathological sections in the two groups. No significant differences 

Table 2 
Overall perioperative variables.

No 3D 3D P value

No. of patients 177 147 
Ischaemia timec (min) 22.0, 20.0 (17.0; 27.0) 22.2 21.0 (17.0; 27.0) 0.878
EBLc (ml) 113.7, 50.0 (50.0; 100.0) 59.6, 50.0 (30.0; 50.0) <0.001
Operative timec (min) 144.0, 130.0 (103.5; 173.0) 128.9, 120.0 (100.0; 150.0) 0.016
Use of intraoperative USa 29 (16.4) 11 (7.5) 0.015
Intraoperative complicationsa 8 (4.5) 0 (0.0) 0.007
Transfusionsa 8 (4.5) 0 (0) 0.007
Conversion to radical nephrectomya 2 (1.1) 0 (0) 0.298
Postoperative complications, Claviena   <0.001
1 27 (15.3) 5 (3.4) 
≥2 16 (9.0) 2 (1.4) 
Preoperative stage of renal insufficiencya   0.350
1 154 (87.0) 135 (91.8) 
2 20 (11.3) 11 (7.5) 
3 3 (1.7) 1 (0.7) 
Postoperative stage of renal insufficiencya   0.264
1 143 (80.8) 128 (87.1) 
2 32 (18.1) 17 11.6) 
3 2 (1.1) 2 (1.4) 
ΔSCrc (μmol/L) 3.2, 2.0 (− 3.6; 9.4) 2.8, 2.5 (− 3.4; 7.6) 0.840
Length of stayc (day) 10.9, 10 (8; 12) 10.3, 10 (8; 11) 0.077

EBL = estimated blood loss; SCr = serum creatine; US = ultrasonography; a = no. (%); c = mean, median (interquartile range).
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Table 3 
Pathological results.

No 3D 3D P value

No. of patients 177 147 
Malignanta 161(91.0) 124 (84.4) 0.069
Pathological stagea   <0.001
pT1a 114 (64.4) 93 (63.3) 
pT1b 46 (26.0) 20 (13.6) 
pT2 0 (0) 7 (4.8) 
pT3 1 (0.8) 6 (4.1) 

NR 16 (9.0) 21 (14.3) 
Tumor size at final pathologyc (mm) 34.5, 30.0 (25.0; 40.0) 35.4, 32.0 (24.0; 40.0) 0.893
Positive surgical margina 4 (2.3) 2 (1.4) 0.433
Histologya   0.003
Clear cell carcinoma 154 (87.0) 113 (76.9) 

Angiomyolipoma 8 (4.5) 11 (7.5) 
Papillary 7 (4.0) 6 (4.1) 
Oncocytoma 1 (0.6) 7 (4.8) 
Cromophobe 0 (0.0) 4 (2.7) 
Unclassified 5 (2.8) 0 (0.0) 
Other 2 (1.1) 6 (4.1) 
ISUP gradea   0.168
1 12 (7.5) 16 (13.1) 
2 115 (71.4) 87 (71.3) 
3 31 (19.3) 19 (15.6) 

4 3 (1.9) 0 (0.0) 

ISUP = International Society of Urological Pathology; a 
= no. (%); c 

= mean, median (interquartile range).

Table 4 
Perioperative variables in different subgroups by R.E.N.A.L. score.

R.E.N.A.L. score <8 R.E.N.A.L. score ≥8

 No 3D 3D P 
value

No 3D 3D P value

No. of patients 88 91  89 56 
Ischaemia timec (min) 19.4, 19.0 (15.0; 22.5) 19.6, 20.0 (15.0; 

22.0)
0.783 24.7, 23.5 (20.0; 29.5) 26.4, 26.0 (20.0; 28.5) 0.256

EBLc (ml) 79.6, 50.0 (50.0; 
100.0)

49.5, 50.0 (20.0; 
50.0)

0.002 147.9, 50 (50; 100) 75.9, 50 (50; 100) 0.046

Operative timec (min) 131.6, 122.5 (100.0; 
155.0)

118.5, 117.0 (95.0; 
135.0)

0.027 156.0, 145.0 (110.0; 
182.5)

145.7, 132.5 (120.0; 
166.0)

0.521

Use of intraoperative USa 8 (9.1) 2 (2.2) 0.093 21 (23.6) 9 (16.1) 0.191
Intraoperative complicationsa 1 (1.1) 0 (0) 0.492 7 (7.9) 0 (0) 0.030
Transfusionsa 1 (1.1) 0 (0) 0.492 7 (7.9) 0 (0) 0.030
Conversion to radical 
nephrectomya

1 (1.1) 0 (0) 0.492 1 (1.1) 0 (0) 0.618

Postoperative complications, 
Claviena

  0.092   <0.001

1 8 (9.1) 3 (3.3)  19 (21.3) 2 (3.6) 
≥2 4 (4.5) 1 (1.1)  12 (13.5) 1 (1.8) 
Preoperative stage of renal 

insufficiencya
  0.147   0.488

1 76 (86.4)76 (86.4) 86 (94.5)  78 (87.6) 49 (87.5) 
2 11 (12.5) 4 (4.4)  9 (10.1) 7 (12.5) 
3 1 (1.1) 1 (1.1)  2 (2.2) 0 (0.0) 
Postoperative stage of renal 

insufficiencya
  0.085   0.728

1 72 (81.8) 83 (91.2)  71 (79.8) 45 (80.4) 
2 15 (17.0) 6 (6.6)  17 (19.1) 11 (19.6) 
3 1 (1.1) 2 (2.2)  1 (1.1) 0 (0.0) 
ΔSCrc (μmol/L) 0.2, 0.3 (− 5.8; 5.8) 1.4, 1.9 (− 3.6; 5.9) 0.321 6.0, 3.6 (− 2.0; 3.5) 5.2, 5.1 (− 3.1; 11.3) 0.845
Length of stayc (day) 10.1, 10 (8; 11) 10.2, 10 (8; 11) 0.944 11.7, 11 (9; 14) 10.5, 10 (8; 12) 0.027

EBL = estimated blood loss; SCr = serum creatine; US = ultrasonography; a = no. (%); c = mean, median (interquartile range).
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were observed in malignancy (P = 0.069), tumour size at final pathology (P = 0.893), ISUP grade (P = 0.168), or positive surgical 
margins (P = 0.433) (Table 3).

3.1.4. Perioperative outcomes by subgroup analysis of R.E.N.A.L. Scores
To more deeply dissect the reasons for the differences in perioperative parameters, we classified all eligible patients into two groups 

according to a cutoff value of 8 in the classical R.E.N.A.L. score for renal tumours. In the R.E.N.A.L. score <8 subgroup, EBL was 
significantly lesser in the group 3D than in the control group (P = 0.002) (Table 4). In the R.E.N.A.L. score ≥8 subgroup, the EBL (P =
0.046) and length of hospital stay (P = 0.027) in group 3D were markedly lesser than in group No 3D. In addition, patients in group 3D 
were significantly less likely to have intraoperative complications (P = 0.030), intraoperative transfusions (P = 0.030), and post-
operative Clavien complications (P < 0.001) than in group No 3D (Table 4). Additionally, in the subgroups of simple tumours (R.E.N.A. 
L. score <8) and complex tumours (R.E.N.A.L. score ≥8), there was no significant difference between preoperative and postoperative 
stage of renal insufficiency, and three-dimensional reconstruction did not significantly affect the change between preoperative serum 
creatinine (SCr) and postoperative SCr (ΔSCr).

3.2. Meta-analysis

3.2.1. Study selection and characteristics
Fig. 4 illustrates the flow of study selection in detail. We initially searched for 1045 articles. After removing duplicates and filtering 

for study purposes by abstract and title, we read 45 full-text articles. We excluded 35 articles for the following reasons: two articles 
were reviews and case reports; seven articles were single-arm studies; 10 studies included patients’ surgical approach which did not fit 
the study; three articles did not have appropriate outcome indicators; 10 studies were inconsistent with the purpose of the study; and 
three articles accounted for other reasons. Eleven articles, including those included in our study, were included. The included studies 
were published from 2018 to 2023, four of which were from Asia, and the rest were from Europe or the Americas. Ten articles were 
non-randomised controlled studies, and one was a randomised controlled study. Five of these articles investigated the use of 3D 
technology in intraoperative navigation. Additionally, there were three studies each on 3D virtual reality, 3D printing, and recon-
struction technologies. Table 5 shows the detailed underlying information of the included articles. The total NOS scores for the cohort 
studies ranged from 4 to 9, with six trials scoring greater than or equal to 7(Supplementary Table 3). This randomised controlled study 

Fig. 4. PRISMA flow diagram of study selection for this meta-analysis.
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Table 5 
The main characteristics of the eleven articles included in the meta-analysis.

Reference Country or 
Region

Study Type Model Paitents Age [Mean (SD)] Stage (T1a/T1b/ ≥ T2a) NOS score

Ctrl 
group

3D 
group

Ctrl group 3D group Ctrl 
group

3D group

Wu C 2023 [31] China Prospective study Intraoperative guiding 19 63 50 
[46–58]a

50 
[41–60]a

11/4/1c 38/16/3c ★★★★★★★

Berger L 2021 
[32]

London Prospective study 
(retrospective control group)

Three-dimensional virtual reality 22 22 56.6 (11.7) 56.6 
(11.1)

NR 12/10/0b ★★★★★★

Li L 2021 [33] China Prospective study 
(retrospective control group)

Navigated by 3D augmented model 
rendering

25 16 56.1 (12.4) 45.8 
(13.0)

12/11/2c 4/9/3c ★★★★★★

Michiels C 2021 
[34]

France Retrospective study Three-dimensional image-guided RAPN 415 230 61.2 
[52–69]a

62 
[50–69]a

− /− /55c − /− /73c ★★★★★★★★

Kobayashi S 2020 
[35]

Japan Retrospective study Real-time surgical navigation 42 42 58 
[42–67]a

58 
[49–68]a

25/10/7c 35/7/0c ★★★★★★★★★

Porpiglia F 2020 
[26]

Italy Retrospective study Three-dimensional static and elastic 
augmented reality systems

43 48 58 (9.8) 62 (15) 19/22/2b 

10/20/8c
21/22/5b 

14/19/7c
★★★★★★★

Shirk JD 2019 (1) 
[36]

America Prospective study Three-dimensional virtual reality 48 44 57.6 (12.3) 64.6 (9.7) NR NR NR

Shirk JD 2019 (2) 
[37]

America Prospective (retrospective 
control group)

Three-dimensional virtual reality 30 30 60.9 (15.0) 63.4 
(13.0)

NR NR ★★★★★★

Maddox MM 
2018 [38]

America Prospective study Three-dimensional -printed soft-tissue 
physical models

Database 7 60.9 61.6 (7.7) NR 2/4/-c ★★★★

Porpiglia F 2018 
[39]

Italy Prospective study Hyper-accuracy 3D reconstruction 31 21 59.5 (10.6) 60.8 
(12.3)

10/16/5b 

6/11/11c
4/11/6b 

3/8/9c
★★★★★★★★

This study 2024 China Retrospective study Three-dimensional reconstruction 177 147 58.1 (11.7) 58.6 
(12.0)

130/43/ 
4b

104/35/ 
8b

★★★★★★★

3D: Three-dimensional; NOS: Newcastle–Ottawa Scale; NR: Not reported; a:median (IQR); b:Clinical staging; c Pathology staging.
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demonstrated good control of the risk of bias (Supplementary Fig. 1).

3.2.2. Intraoperative outcomes
Four studies, including 266 patients, provided information on the opening of the collecting system and found that the incidence of 

opening of the collecting system (RR 0.45, 95 % CI 0.22,0.92; P = 0.030) was significantly lower in the 3D technology-assisted RAPN 
group than in the conventional RAPN group. Seven studies comparing intraoperative surgical conversions suggested that the 3D 
technology-assisted RAPN group was significantly less likely to undergo conversion to radical nephrectomy (RR 0.21, 95 % CI 
0.08,0.57; P = 0.002) than the conventional RAPN group. There were no differences in global ischaemia (RR 0.41, 95 % CI 0.13,1.31; 
P = 0.130), global ischaemia time (MD 0.25, 95 % CI -1.26,1.75; P = 0.750), partial ischaemia time (MD 4.25, 95 % CI -2.29,10.78; P 
= 0.200), EBL (MD -24.17, 95 % CI -72.77,23.87; P = 0.320), operative time (MD 1.99, 95 % CI -21.87, 25.79; P = 0.870), console time 
(MD -4.05, 95 % CI -15.94,7.84; P = 0.500), incidence of intraoperative complications (RR 0.71, 95 % CI 0.49,1.02; P = 0.070), and 
rate of intraoperative ultrasound use (RR 0.79, 95 % CI 0.31, 2.04; P = 0.620) between the two groups. The detailed intraoperative 

Fig. 5. The forest plots of intraoperative outcomes.
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results of the forest plot are shown in Fig. 5A–J.

3.2.3. Postoperative outcomes
Six studies enrolling 1138 individuals showed a statistically lower incidence of transfusion (RR 0.19, 95 % CI 0.08,0.44; P < 0.001) 

in the 3D technology-assisted RAPN group than in the control group. We did not find any statistically significant changes in post-
operative complication (RR 0.75, 95 % CI 0.32, 1.75; P = 0.500), surgical margins (RR 0.71, 95 % CI 0.40,1.27; P = 0.250), and length 
of stay (MD -0.58, 95 % CI -1.50,0.34; P = 0.210) in either group. The detailed postoperative results of the forest plot are shown in 
Fig. 6A–D.

4. Discussion

For small renal tumours, the treatment outcome of PN is not inferior to that of radical nephrectomy [40,41]. However, despite the 
extensive use of PN over the past decade, surgery-associated renal ischaemia may lead to impaired renal function, which cannot be 
overlooked. Evidence indicates that preserving the renal parenchyma is essential for mitigating postoperative renal insufficiency and 
decreasing adverse outcomes such as cardiovascular events, acute renal failure, prolonged hospital stay, and death [12,42,43]. 
Therefore, PN was recommended as the standard approach for T1a tumours (≤4 cm) by the American Urological Association and 
European Association of Urology guidelines [6]. Guidelines recommend using PN for patients with larger tumours (T1b) and 
emphasise the importance of preserving the renal parenchyma.

Minimally invasive surgical approaches have been widely adopted in PN to minimise patient trauma when treating renal tumours. 
Laparoscopic partial nephrectomy is a challenging technique, with a 13.6 % conversion rate to laparoscopic radical nephrectomy [44]. 
However, da Vinci robotic surgical systems have dramatically advanced renal surgery by providing excellent 3D visualization of the 
surgical field and six-degree manipulation of surgical instruments, resulting in high-precision surgeries. Some studies have demon-
strated that RAPN offers comparable or even better clinical outcomes than with other surgical methods [43,45,46]. These advances 
have expanded the benefits of PN for renal function reconstruction [47,48]. Despite the feasibility, minimal invasiveness, and efficacy 
of RAPN, some urologists still avoid its use for complex tumours. Renal tumour complexity can be measured using the R.E.N.A.L. and 
PADUA scoring systems [49,50]. Regardless of the complexity of the tumour, the ultimate objective is complete resection of the tumour 
while preserving the healthy renal parenchyma. Accordingly, accurate and comprehensive preoperative assessment is necessary to 
formulate the simplest and most efficient operative strategies.

The essential aspects of preoperative assessment in partial nephrectomy involve assessing neighbouring visceral relationships, 
kidney vascular anatomy, tumour complexity, and tumour location in relation to the blood vessels and collecting system. Conventional 
two-dimensional (2D) CT is widely used for routine preoperative examinations. However, it is difficult for surgeons to accurately 
define anatomical relationships in the surgical field because of the inherent limitations of relatively weak efficiency in revealing the 
internal renal structure and spatial resolution. Consequently, preoperative simulation of lesion orientation and vascular dissection 
using 3D imaging technology from a stereoscopic perspective has become possible. This technology reduces the intraoperative time 
required for renal artery dissection and tumour localisation, thereby significantly reducing renal parenchymal damage [51,52]. 
Furthermore, visualization of 3D reconstruction structures generated using software-aided techniques to analyse enhanced CT scan 
images can also help patients become more aware of their condition, which is beneficial for promoting doctor–patient communication.

Both the evidence-based analysis and the results of this single-centre clinical trial show good potential for the use of 3D technology 
in RAPN. However, the clinical outcomes that may arise will be less consistent owing to the different ways in which 3D technology is 
employed. By analysing the overall perioperative variables of the included patients, we found that patients in group 3D had markedly 
lower EBL (P < 0.001) and operative time (P = 0.016) than those in group No 3D; in addition, it was also demonstrated that the 

Fig. 6. The forest plots of postoperative outcomes.
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incidence rates of intraoperative US use (P = 0.015), intraoperative complications (P = 0.007), transfusions (P = 0.007), and post-
operative Clavien complications (P < 0.001) were all significantly different. These results suggest that 3D visualization reconstruction 
is essential for preoperative planning and intraoperative surgical guidance. Moreover, to analyse the effectiveness of 3D reconstruction 
in different degrees of complexity tumours, all the patients were further classified into a simple tumour subgroup (R.E.N.A.L. score <8) 
and complex tumour subgroup (R.E.N.A.L. score ≥8) according to the cutoff value of 8 in the R.E.N.A.L. score. Compared to patients in 
the R.E.N.A.L. score <8 subgroup, patients with complex renal tumours who underwent 3D visualization had a lower risk of intra-
operative complications, intraoperative transfusions, and postoperative Clavien complications. Notably, in the complex tumour 
subgroup, patients who underwent 3D reconstruction had significantly shorter hospital stays than those who did not; this difference 
was a direct factor influencing the patients’ experience of the benefits of the technique. In addition, we found less operative time using 
3D reconstruction in the R.E.N.A.L score <8 group, which also indicates that the advantage of 3D technology in shortening surgical 
time is more pronounced in tumours with lower complexity. In addition, as a major concern in renal surgery, we analysed periop-
erative changes in serum creatine levels for renal function evaluation. We found that no obvious differences were observed in serum 
creatine changes between two groups, although in the No 3D group, there were more patients with postoperative stage of renal 
insufficiency ≥2 than in the 3D group. This result suggests that preoperative 3D reconstruction has little effect on renal function 
preservation, regardless of tumour complexity.

The off-clamp technique in RAPN has been demonstrated to effectively preserve renal function in patients [17,53–55]. The first 
meta-analysis in the field was from 2014, which suggested that the off-clamp technique group increases the risk of blood transfusion 
compared to the on-clamp technique group [53]. However, through years of exploration and practice by urologists, a review from 2023 
indicates that there are no longer clinically significant differences between the off-clamp and on-clamp groups in terms of perioper-
ative and postoperative outcomes [15]. More notably, a recent meta-analysis from 2024 showed that patients who underwent the 
off-clamp technique demonstrated better renal function preservation and a lower rate of positive surgical margins, while perioperative 
complications were comparable to the on-clamp RAPN group [17]. Traditionally, the on-clamp technique was considered suitable for 
most partial nephrectomy, particularly for complex or large renal tumours, as it reduces bleeding, providing a clearer surgical field and 
allowing urologists to more precisely resect tumours and repair renal tissue. However, two recent studies focusing on larger and 
Complicated renal tumours revealed that patients in the off-clamp group had significantly shorter operative times, a lower rate of 
significant renal function deterioration, and a significantly higher likelihood of achieving trifecta outcomes compared to the on-clamp 
group [56,57]. These findings suggest that the off-clamp technique is not limited to superficial or small renal tumours but can also be 
applied to complex renal tumours and beneficial to patient prognosis. Given the lower rates of trifecta achievement and renal function 

Fig. 7. Demonstrating the different structures of patients with complex kidney cancer from different perspectives by three-dimensional recon-
struction: (A) overall view; (B) renal stones, collecting system, ureter and surrounding structures; (C) venous system, venous tumour thrombus, 
tumour and the kidney; (D) partial section of left kidney was hidden.
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impairment associated with prolonged warm ischaemia, the off-clamp technique in RAPN is expected to become more widespread in 
the future, which means that adequate preoperative knowledge of renal tumor characteristics and surrounding structures is more 
crucial [56].

With the application of 3D visualization technology in RAPN, urologists can preoperatively identify complex renal tumours with 
enhanced precision, allowing them to obtain crucial information that is often difficult to capture using conventional 2D imaging 
techniques. For instance, the first patient had a complicated condition caused by a left-sided tumour, bilateral renal stones, and a left 
renal venous tumour thrombus (Fig. 7A). The 3D reconstruction software displayed the right renal stone, collecting system, and ureters 
independently, indicating that the left renal stone filled almost the entire pelvis and calyces, necessitating immediate removal to 
prevent right kidney failure (Fig. 7B). Furthermore, urologists can determine the size and location of the venous tumour thrombus from 
multiple angles in a view that only displays the venous system, tumour thrombus, and kidney (Fig. 7C). Additionally, surgeons can hide 
the partial partitioning of the kidney to accurately determine the relative positions of the tumour, renal pelvis, and calyces (Fig. 7D). 
This advanced visualization technology provides a clear and intuitive demonstration of useful structures to the surgical team, 
contributing to the development of a better preoperative surgical plan. In another case, the patient had a history of right radical 
nephrectomy and presented with several tumours in the left kidney at admission (Fig. 8A). Owing to the specific medical history of the 
second patient, intraoperative blocking of the renal artery became the key to ensuring good postoperative renal function. While 
conventional enhanced CT imaging reveals renal arterial variants, limited observation angles necessitate preoperative three- 
dimensional (3D) reconstruction for accurate visualization. This technique provides a clear combination of 2D images with 3D 
structures, enabling visualization of the complete structure of the renal artery (Fig. 8B–D). Simultaneously, 3D reconstruction illus-
trates the morphology, nature, location, size of each mass, and distance to the renal pelvis, allowing urologists to recognise the 
relationship between each tumour and its supplying arteries, thereby estimating the size of the tumour to be resected during surgery. 
The third patient was diagnosed with renal cancer of the T1a stage. We originally planned to perform RAPN; however, we modified the 
surgical approach to robotic radical nephrectomy after reconstructing the kidney using 3D technology. The 3D imaging revealed that 
the tumour, located near the right renal hilum, was too large to be resected entirely (Fig. 9A–D). Furthermore, 3D reconstruction 
technology plays an unexpected role in the identification of tumours and the determination of tumour volume. The patient was initially 
diagnosed with renal carcinoma, which included two lesions. However, after performing 3D reconstruction, we serendipitously 
discovered two additional minute tumours that would have been easily overlooked using traditional 2D imaging. (Fig. 10A–F). The 

Fig. 8. Evaluation of renal cancer patient with renal arterial variant (red arrows) by different imaging approaches: (A) traditional enhanced 
computed tomography; (B) overall view of the three-dimensional (3D) reconstruction; (C) demonstration of the arterial system, kidney and 
occupying lesion independently by 3D reconstruction; (D) combination of enhanced computed tomography imaging and 3D reconstruction in 
axial view.
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patient subsequently underwent RAPN and was discharged from the hospital without recurrence to date. In the subsequent two pa-
tients, the 3D images revealed that a similar diameter in a CT scan did not necessarily represent a parallel 3D volume (Fig. 11A–D), 
which verified the superior ability of 3D images to measure tumour size for the preoperative evaluation of surgical difficulty.

In the field of RAPN, the efficacy of related 3D technology applications has been evaluated with some relevant investigations. 
Porpiglia et al. prospectively enrolled 52 patients who underwent RAPN, of whom 21 underwent hyperaccurate 3D (HA3D) recon-
struction and found that more patients underwent selective clamping during surgery in the HA3D group [39]. Notably, intraoperative 
planning of the renal pedicle was conducted as preoperatively managed in 90 % of the HA3D group cases. However, in 39 % of the 
group no HA3D, management was changed intraoperatively (P = 0.04). Schiavina et al. prospectively described and analysed the 
clinical information of 20 consecutive patients with clinical diagnoses of renal masses using the 3D digital reconstruction of renal 
models. After assessment of the 3D virtual model, the clamping plan based on conventional imaging of eight patients was modified for 
the selective clamping method (P = 0.01) [18]. Although the patients in our study were treated with on-clamping RAPN, intra-
operative US and transfusion were performed as preoperatively managed in 92 % (P = 0.015) and 100 % (P = 0.007) of the 3D group, 
respectively. Few studies have been conducted on the use of 3D printing technology in the urological field, particularly in RAPN. 
Nonetheless, a study has shown that preoperative "cognitive" RAPN rehearsal was feasible using a 3D printed model. Despite these 
technical advances, concerns remain regarding the cost, fabrication process, and potential limitations of this technology, leading to its 
lack of large-scale adoption [58–61].

Despite the important insights and implications of our findings, we acknowledge that some limitations must be considered. First, 
given the initiation of new technology, our study was designed as a single-centre, retrospective study with a small sample size. 
Nonetheless, in comparison with other studies that focused on preoperative 3D reconstruction of RAPN, our sample size was relatively 
large. Second, selective clamping of arterial branches in RAPN has not been applied at our institution; therefore, it was not possible to 
investigate the effects of 3D reconstruction using this method. Third, the 3D technology used in our study could not be integrated into a 
robotic console to provide real-time navigational guidance to the surgeons while performing the procedure. More importantly, long- 
term follow-up is essential to meticulously assess the oncological outcomes of our study. In light of these limitations, there is a need for 
a larger-scale, prospective, multi-centre study to enhance the accuracy of the investigation.

China, one of the world’s largest developing countries, faces considerable economic disparities across regions. Currently, 3D 
visualization and reconstruction techniques are not covered by medical insurance and fall under the category of patient out-of-pocket 
expenses, imposing a substantial financial burden on many poor patients. In line with the findings of Wang Z et al., the use of the 3D 
reconstruction technique was observed to be more important in patients with relatively complex renal cancer (R.E.N.A.L. ≥ 8 score) 

Fig. 9. Different views of the relationship between the tumour and the collecting system of the kidney cancer patient in three-dimensional visu-
alization: (A) overall view; (B) frontal view; (C) lateral view; (D) back view.

Y. Wang et al.                                                                                                                                                                                                          Heliyon 10 (2024) e38806 

14 



Fig. 10. Locating masses (red arrows) easily ignored by traditional computed tomography through three-dimensional visualization reconstruction.

Fig. 11. Excellent ability to measure tumor size preoperatively with three-dimensional (3D) visualization technique: (A) patient A demonstrates a 
tumor diameter of 26 mm in computed tomography images; (B) patient B demonstrates a tumor diameter of 27 mm in computed tomography 
images; (C) the volume of tumor in patient A was 9.84 mL through 3D reconstruction technique; (D) the volume of tumor in patient B was 24.64 mL 
through 3D reconstruction technique.
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than in patients with simpler tumours (R.E.N.A.L. < 8 score) [62]. These results provide a strong basis for recommending 3D visu-
alization before surgery. For complex tumours, we believe that using 3D visualization as a tool can greatly improve the understanding 
of individual cases, accelerate recovery time, and enhance patient prognosis. For relatively simpler tumours, we will consider whether 
3D visualization reconstruction is necessary given the ability of 2D conventional imaging to identify tumours and surrounding tissues, 
considering the patient’s financial situation and personal preferences. As the use of 3D visualization technology has become more 
widespread in developing countries, an increasing number of doctors and patients have recognised its value throughout the diagnosis 
and treatment process. Preoperative 3D visualization reconstruction has emerged as a new trend in this field. By combining 3D 
visualization with precision medicine, we offer a novel strategy for clinicians to independently evaluate whether each patient requires 
preoperative 3D visualization reconstruction.

5. Conclusion

The 3D reconstruction technique was effective in reducing EBL, operative time, and length of stay in patients who underwent 
RAPN. The rate of intraoperative US, transfusions, intraoperative complications, and postoperative Clavien complications also showed 
significant improvement with 3D technology. Especially in complex tumours, 3D reconstruction technology has demonstrated even 
more value in the perioperative period, reducing the risk of intraoperative complications, intraoperative transfusions, and post-
operative Clavien complications and markedly reducing the EBL and length of hospital stay.
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