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Background: Various modalities of nephron-sparing surgery (NSS) exist; however, 

a comprehensive standard for determining the most suitable approach for specific 

kidney cancer patients remains elusive. This study aims to establish a novel scoring 

system that will assist urologists in formulating tailored surgical plans.

Methods: We conducted a comparative assessment of perioperative and 

prognostic data for these surgical types, alongside tumor contact surface area 

and arterial-based complexity of 205 patients for classification and regression 

analysis. Finally, a modified arterial-based complexity (mABC) scoring system 

was developed to enhance this assessment methodology.

Results: Despite no statistical differences in demographic data, we found that the 

off-clamp tumor enucleation (TE) group experienced greater estimated blood loss, 

drainage, catheterization, and longer hospital stays compared to the other two 

groups. However, this group also had shorter surgical times and less kidney 

function impairment, particularly in patients with renal dysfunction. Subgroup 

analysis indicated that when the mABC score was ≥4, patients in the off-clamp 

TE group showed significant increases in the rate of reduction in eGFR, blood 

loss, postoperative complications, postoperative drainage volume, and 

postoperative hospital days compared to patients in the other two groups.

Conclusions: The findings indicate that patients with fewer challenges in renal 

surgery may benefit from off-clamp TE, while those facing greater difficulty may 

find on-clamp TE more appropriate. This distinction, based on mABC scoring 

criteria, emphasizes the importance of tailoring the surgical approach to 

individual patient needs.

Trial Registration: Our study has been approved by the Ethics Committee of The 

Fourth Affiliated Hospital of Zhejiang University School of Medicine (K2023003) on 

10/02/2023 and by clinical trials (NCT05790122) on 27/03/2023.
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1 Introduction

Renal cell carcinoma (RCC) is a common tumor of the urinary 

system, accounting for 4.1% of all malignant tumors (1). 

According to the latest statistics from GLOBOCAN, there were 

71,676 new cases of renal cancer and 15,259 deaths in the 

United States in 2021, while there were 77,410 new cases and 

46,345 deaths in China (2–4). The incidence of renal cancer has 

increased at an average rate of 6.5% per year over the past 20 

years, and the number of related deaths in the urinary system 

has already surpassed that of bladder cancer and is now ranked 

first in China (5). As renal ultrasonography is a routine 

component of physical examinations for individuals over 40 in 

China, most patients are diagnosed with localized, early-stage 

renal cancer (6). At present, guidelines retain nephron-sparing 

surgery (NSS) as the first-line treatment for early localized renal 

cell carcinoma (7–9). NSS includes partial nephrectomy (PN) 

and tumor enucleation (TE) (10). Unlike PN, TE is a surgical 

method of blunt separation along the natural cutting plane 

between the tumor capsule and healthy substance, completely 

stripping off the tumor tissues while preserving the normal 

renal tissues to the greatest (11, 12). However, partial 

nephrectomy remains the predominant technique, primarily due 

to two conceptual concerns: the risk of positive surgical margins 

with TE and its perceived higher technical difficulty compared 

to traditional PN (13, 14).

In addition, the renal artery trunk needs to be temporarily 

clamped to achieve a relatively bloodless operating environment 

to ensure the safety of tumor resection in the traditional 

nephrectomy process, but the warm ischemic time (WIT) is too 

long, inevitably affecting the function of normal renal tissue. 

The study showed that the shorter the WIT of the kidney, the 

better was the postoperative renal function recovery 

postoperatively (15). When the ischemia time is more than 

28 min, the renal function is seriously damaged. Every 

minute was important when the renal artery was occluded. 

Therefore, minimizing the ischemia time to zero is the goal of 

every surgeon.

Currently, in the clinical setting, there are few people 

delving into the field of TE combined with zero-ischemia 

technology. Over the past three years, our team has 

performed nearly one hundred zero-ischemia renal tumor 

enucleations. Building on this experience, we have adopted a 

sutureless technique to avoid potential functional damage 

from parenchymal suturing and to minimize nephron loss. It 

is particularly important for patients with solitary kidneys or 

transplanted kidneys because their normal nephrons are 

very precious.

In this study, we reviewed patients managed for NSS to evaluate 

whether the surgeries would be safe, better preserve renal function, 

and improve rapid rehabilitation. Moreover, we established an 

assessment system for RCC patients to evaluate which surgical 

approach is suitable. Throughout this article, sutureless unclamped 

TE is referred to as off-clamp TE, and traditional TE is referred to as 

on-clamp TE.

2 Methods

2.1 Patients

The study traced all patients with solid renal tumors who 

underwent NSS performed by one surgeon from 2017 to 2022. 

217 patients were enrolled consecutively,after excluding cases 

that did not meet the requirements, 205 patients were selected 

(Figure 1). Dedicated genitourinary pathologists performed all 

the pathological analyses, including margin status and width. 

A negative surgical margin was defined as the presence of an 

intact tumor pseudocapsule with or without a quantifiable rim 

of the normal parenchyma (Supplementary Figure S1). The 

study followed the STROBE guidelines for reporting, ensuring 

the transparency and completeness of the observational research.

2.2 Surgical procedure

All surgical procedures were performed under general anesthesia 

by a single surgeon with 10 years of experience, and over 500 RCC 

surgeries were performed. PN was performed according to 

traditional procedures (16, 17). Off-clamp TE was performed as 

follows: (1) The patient was placed in a lateral position after 

anesthesia, and routine disinfection was performed. (2) A 1.5 cm 

transverse incision was made 2 cm above the iliac crest for the 

endoscopic port. The two access ports were located on the anterior 

and posterior axillary lines. The three holes form an inverted 

triangle. (3) Liberate the surface fat, open the fascia of G, separate 

the tissue around the renal pedicle, and free the renal artery. (4) The 

tumor was fully exposed on the renal surface, and an ultrasonic 

knife was used to dissect along the tumor pseudocapsule under 

zero-ischemia conditions. (5) Stress check, no obvious bleeding, 

correct counting of instruments and gauze, suturing of the incision, 

and completion of surgery (Figure 2; Supplementary Figure S1).

2.3 Contact surface area calculation

First, it is necessary to collect the original data of renal artery- 

enhanced CT for each patient and then perform three-dimensional 

reconstruction to generate a three-dimensional representation. 

Similarly, three-dimensional imaging data of the tumor were 

obtained using medical imaging techniques. Subsequently, image 

segmentation algorithms were applied to extract the tumor from 

the image, yielding a three-dimensional tumor model. Next, the 

kidney organ model and tumor model were registered to ensure 

that they were in the same coordinate system. The contact surface 

between the tumor and kidney can be determined by calculating 

the intersection between the organ and tumor models. The contact 

surface area (CSA) between the tumor and kidney was quantified 

using surface mesh analysis of the geometric interface. This 

involves partitioning the contact surface into small triangular 

elements and summing their individual areas (Figure 3).

Xu et al.                                                                                                                                                                 10.3389/fsurg.2025.1683222 

Frontiers in Surgery 02 frontiersin.org



2.4 Modified arterial based complexity 
scoring system

Modified arterial based complexity (mABC) scoring system is 

a combination of the Tumor Contact Surface Area (CSA) and the 

arterial-based complexity (ABC) score system. The scoring 

method for CSA was performed as described previously. If 

<20 cm2, A score of 1 was assigned if <20 cm2, and a score of 2 

was assigned if ≥20 cm2. The scoring method for ABC was the 

same as that described in a previous study. If the tumor was 

located in the renal cortex and did not invade the renal 

medulla, it was assigned a score of 1; if the tumor invaded the 

renal medulla but not the renal sinus, it was assigned a score of 

2; if the tumor invaded the renal sinus or hilum, it was assigned 

a score of 3. Finally, these two scores were added together, with 

a total score ranging from 2 to 5 points (Supplementary Table S1).

2.5 Statistical analysis

Categorical variables are presented as frequencies and 

percentages. Continuous variables following a normal 

distribution are expressed as mean ± standard deviation (x ± s), 

while those not conforming to normality are described using 

median and interquartile range (M, IQR). The Mann–Whitney U 

test and the Kruskal–Wallis H test were used to compare two or 

more non-normally distributed continuous variables, respectively. 

One-way ANOVA was employed to compare multiple normally 

distributed continuous variables, with post-hoc pairwise 

comparisons conducted using the Bonferroni test. Categorical 

variables were compared using the Pearson chi-square test. 

Univariate and multivariate binary logistic regression analyses 

were performed to examine the associations between various 

clinical variables and postoperative eGFR, as well as other 

perioperative parameters. Depending on whether the paired 

sample data met assumptions of normality, homogeneity of 

variances, and normality of differences, either paired t-tests or 

Wilcoxon signed-rank tests were applied to compare perioperative 

estimated glomerular filtration rate (eGFR) within the study 

population. GraphPad Prism 10.1.2 was used to generate line 

graphs illustrating the relationship between mABC scores and 

various perioperative variables. A statistical significance level of 

p < 0.05 was adopted for all analyses. All data were analyzed using 

SPSS version 26.0 (SPSS Inc., Chicago, IL, USA).

FIGURE 1 

Flow diagram of patients through the study.
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3 Results

A total of 205 patients meeting the inclusion criteria for the 

study were divided into three groups based on the type of 

surgery they underwent. The groups were Group 1 (PN, 62 

cases; 30.2%), Group 2 (on-clamp TE, 90 cases; 43.9%), and 

Group 3 (off-clamp TE, 53 cases; 25.9%). Baseline data of the 

study population are shown in Table 1. There were no 

statistically significant differences between the groups in terms 

of age, body mass index (BMI), sex, or ASA classification. There 

were also no statistically significant differences in the baseline 

renal function between the groups. The RENAL scores were 

7.08 ± 1.60 (Group 1), 6.48 ± 1.60 (Group 2), and 6.77 ± 1.63 

(Group 3) (p = 0.08). The PADUA score for Group 1 was higher 

than that of the other two groups (9.02 ± 1.65, 8.16 ± 1.47, and 

8.57 ± 1.50, respectively; p = 0.004). The median tumor diameter 

in Group 3 was smaller than the other two groups (2.78 cm, 

2.80 cm, and 2.30 cm for Groups 1, 2, and 3, respectively, 

p = 0.03). The tumor contact surface area (CSA) in Group 3 was 

lower than that in the other two groups (21.7 ± 17.1, 16.8 ± 10.7, 

and 13.2 ± 12.2, respectively; p = 0.003). There were no 

statistically significant differences between the groups in terms 

of ABC score (1.69 ± 0.69, 1.61 ± 0.53, 1.66 ± 0.65, respectively; 

p = 0.71) and mABC score (3.11 ± 1.13, 2.98 ± 0.98, 2.85 ± 0.91, 

respectively; p = 0.52).

Perioperative data of the study population are shown in Table 2. 

There were no significant differences in the median operation time, 

transfusion, or positive surgical margin (PSM) rates between the 

groups. Group 3 had the shortest WIT, followed by Group 2, and 

Group 1 had the longest (37, 34, and 0 min, respectively; p < 0.001). 

Group 3 had the highest estimated blood loss (EBL), followed by 

Group 1, and Group 2 had the least EBL (90 ± 46 ml, 35 ± 14 ml, 

253 ± 121 ml, respectively; p < 0.001). Group 2 had a shorter 

median catheterization and length of stay (LOS) (p < 0.001). The 

median drainage was lower in Groups 1 and 2 (p < 0.001). At 2 

weeks postoperatively, Group 3 had the smallest eGFR reduction 

rate compared to groups 1 and 2 (4.2 ± 4.8%, 3.1 ± 3.2%, 0.9 ± 1.7%, 

respectively; p < 0.001). At 6 months postoperatively, the eGFR 

reduction rates for Groups 2 and 3 were smaller than that for 

Group 1 (6.2 ± 6.7%, 2.0 ± 3.2%, and 0.8 ± 3.0%, respectively; 

p < 0.001). Early postoperative complications were not common 

among the groups, with a total of 13 perioperative complications in 

all cases [6 (9.7%), 3 (3.3%), and 4 (7.4%), respectively; p = 0.264], 

and 3 patients experienced fever and anemia. Specifically, there 

FIGURE 2 

Key procedural steps in off-clamp tumor enucleation. (A) Tumor exposure. (B) Tumor resection. (C) Identification and coagulation of tumor-feeding 

vessels. (D) Resultant wound bed following tumor excision. As depicted, when tumors are superficially positioned and dissection is meticulously 

performed along the pseudocapsular plane with precise ligation of feeding vessels, intraoperative blood loss remains minimal throughout 

the procedure.
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were 10 cases of postoperative fever [5 (8.1%); 2 (2.2%); 3 (5.7%), 

respectively; p = 0.247], with no statistical difference; and 6 cases of 

postoperative anemia [2 (3.2%); 1 (1.1%); 3 (5.7%), respectively; 

p = 0.293], with no statistical difference. One patient in Group 3 

required DSA intervention for embolization after surgery. 

Pathological findings indicated that all tumor specimens had a 

pseudocapsule, and none had a positive surgical margin (Figure 4).

Logistic regression analysis was used to explore the factors 

affecting renal function (Table 3). In the univariate regression 

analysis, patients’ age (OR 1.05, 95%CI 1.01–1.08; p = 0.007), 

preoperative eGFR (OR 0.93, 95%CI 0.91–0.96; p < 0.001), RENAL 

score (OR 1.46, 95%CI 1.14–1.89; p = 0.003), PADUA score (OR 

1.54, 95%CI 1.18–2.01; p = 0.001), mABC score (OR 2.64, 95%CI 

1.67–4.13; p < 0.001), and surgical approach (OR 5.80, 95%CI 1.59– 

21.20; p = 0.008) were significantly associated with postoperative 

long-term renal function decline. After removing irrelevant factors, 

we further conducted a multivariate regression analysis, and the 

results showed that: patients’ preoperative eGFR [odds ratio [OR] 

0.89, 95% confidence interval [CI] 0.86–0.93; p < 0.001], mABC 

score (OR 7.48, 95%CI 2.73–20.49; p < 0.001), and surgical 

approach (OR 10.05, 95%CI 1.75–57.61; p < 0.001) were associated 

with renal function preservation in patients. In conclusion, we 

have three main findings: patients with abnormal preoperative 

eGFR, higher mABC scores, and those undergoing PN surgery 

experienced more severe postoperative renal function damage. 

Additionally, we analyzed the factors related to postoperative 

complications (Supplementary Table S2), and the results showed 

that the higher the mABC score (OR 2.93, 95%CI 1.26–6.83; 

p = 0.013) and the lower the preoperative eGFR level (OR 1.08, 95% 

CI 1.01–1.16; p = 0.024), the higher the incidence of postoperative 

complications. Furthermore, based on the data from 

Supplementary Tables S3, S4, the mABC score (OR 5.45, 95%CI 

2.92–10.18; p = 0.001) was a risk factor for operative time, and the 

mABC score (OR 5.14, 95%CI 266–9.99; p = 0.001) and off- clamp 

TE were risk factors for length of hospital stay.

We found from the above results that the preoperative eGFR 

level is closely related to the postoperative outcome. Therefore, we 

specifically selected patients with preoperative eGFR abnormalities 

(≤90 ml/min/1.73 m2) for paired comparisons (Table 4). The 

results showed that postoperative eGFR levels of PN (p < 0.001) 

and on-clamp TE (p < 0.001) were significantly lower than 

preoperative levels, whereas off-clamp TE showed no significant 

change in postoperative long-term eGFR levels (p = 0.306). We 

further compared patients with poor preoperative renal function 

according to surgical method (Supplementary Table S5). At 2 

weeks postoperatively, the eGFR reduction rate in off-clamp TE 

FIGURE 3 

Major steps of CSA calculation. (A) Model. (B) Intersect Region. (C) Sub-Divide. (D) Zoom-in and Look.
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patients was significantly lower than that in on-clamp and PN 

patients (7.7%, 8.8%, and 2.7%, respectively; p = 0.001). At 6 

months postoperatively, the eGFR reduction rate in on-clamp and 

off-clamp TE was significantly lower than that in PN (12.2%, 7.2%, 

and 2.0%, respectively; p < 0.001). In short, in the absence of 

other factors, patients with preoperative eGFR abnormalities 

receiving off-clamp TE surgical methods could better protect their 

renal function.

We further studied the relationship between the mABC score and 

various perioperative data (Figure 5). When mABC < 4, the eGFR 

reduction rate in the off-clamp TE group was lower. However, 

when mABC ≥ 4, the eGFR reduction rate in the off-clamp TE 

group began to increase, and it had already exceeded that of the 

other two groups at five points. Similarly, when mABC ≥ 4, the off- 

clamp TE patients’ bleeding volume (119 ± 25 ml, 48 ± 8 ml, 

381 ± 47 ml; p < 0.001), postoperative complications (23.1%, 0%, 

22.2%; p = 0.029), postoperative drainage (242 ± 61 ml, 196 ± 13, 

399 ± 120; p < 0.001), and postoperative hospital stay (72 ± 8 h, 

62 ± 14 h, 101 ± 16 h; p < 0.001) significantly increased and were 

notably higher than those in the other two groups of patients. 

Therefore, it is preliminarily inferred that the off-clamp TE 

technique is more suitable for patients with an mABC score of <4. 

For this purpose, we conducted a chi-square test. We set a 

threshold mABC = 4, dividing the patients into the mABC < 4 

group (n = 145) and mABC ≥ 4 group (n = 60), and found a higher 

probability of postoperative complications (2.1% vs. 16.7%, 

p < 0.001), surgery time ≥2 h (7.6% vs. 58.3%, p < 0.001), and 

postoperative hospital stay ≥3 days (22.8% vs. 68.3%, p < 0.001) in 

the mABC ≥ 4 group (Supplementary Table S6).

4 Discussion

The principle of modern minimally invasive urologic surgery 

is to achieve optimal therapeutic outcomes with minimal trauma 

(18, 19). Despite the current technological conditions allowing 

for the removal of only tumor tissue during nephron-sparing 

surgery (NSS), there is still a significant risk for certain complex 

renal tumors with zero ischemia partial nephrectomy (TE). 

Currently, no research has been conducted to guide urologists in 

selecting the appropriate surgical approach for NSS. With the 

aim of serving clinical needs, our team has summarized a large 

amount of data and clinical experience from previous NSS 

surgeries with the intention of establishing a scoring system to 

provide guidance for physicians when facing this choice.

As reported in the above text, off- and on-clamp TE cause less 

renal function damage compared to partial nephrectomy (PN), but 

when further comparing patients with abnormal renal function 

within the three groups, it was found that off-clamp TE resulted in 

less renal function damage than PN and on-clamp TE. Off-clamp 

TE, which is sutureless and has zero ischemia, results in even less 

renal damage, making it more suitable for patients with sensitive 

TABLE 1 Patient baseline characteristics.

Parameters Group 1 Group 2 Group 3 p 
value

Patients, n (%) 62 (30.2) 90 (43.9) 53 (25.9)

Age, year, median (IQR) 54 (23–78) 53 (27–87) 56 (32–73) 0.69

BMI, median (IQR) 25.5 (18.1– 

35.2)

25.2 (18.7– 

30.8)

25.7 (21.8– 

31.7)

0.84

Male, n (%) 36 (58.1) 51 (56.7) 30 (56.6) 0.92

ASA class, n (%)

≤2 54 (87) 79 (88) 48 (90) 0.83

3 8 (13) 11 (12) 5 (10)

Renal function status

Baseline eGFR, ml/min per 

1.73 m2, mean ± SD

99.2 ± 15.3 99.1 ± 15.7 98.3 ± 16.9 0.83

Baseline CKD ≥3, n (%) 3 (4.8) 4 (4.4) 4 (7.5) 0.71

Tumor complexity

Tumor diameter on CT, 

cm, mean ± SD

2.78 (1.07– 

5.95)

2.80 (1.03– 

5.26)

2.3 (1.04– 

6.76)

0.03

RENAL score, mean ± SD 7.08 ± 1.60 6.48 ± 1.60 6.77 ± 1.63 0.08

PADUA score, mean ± SD 9.02 ± 1.65 8.16 ± 1.47 8.57 ± 1.50 0.004

ABC score, mean ± SD 1.69 ± 0.69 1.61 ± 0.53 1.66 ± 0.65 0.71

CSA, mean ± SD 21.7 ± 17.1 16.8 ± 10.7 13.2 ± 12.2 0.003

mABC score, mean ± SD 3.00 ± 1.01 2.94 ± 0.98 2.75 ± 0.88 0.34

BMI, body mass index; ASA, American Society of Anesthesiologists; SCr, serum creatinine; 

eGFR, estimated glomerular filtration rate; BUN, blood urea nitrogen; CKD, chronic kidney 

disease; CT, computed tomography; R.E.N.A.L, radius exophyic/endophytic nearness 

anterior/posterior location; PADUA, preoperative aspects and dimensions used for an 

anatomical; ABC, arterial based complexity; eCSA, estimated contact surface area; mABC, 

modified arterial based complexity; SD, standard deviation; IQR, interquartile range.

TABLE 2 Perioperative outcomes.

Perioperative 
outcomes

Group 
1

Group 
2

Group 
3

p 
value

Patients, n (%) 62 (30.2) 90 (43.9) 53 (25.9)

Operative time, min, median 

(IQR)

104 (63– 

160)

100 (50– 

159)

90 (45– 

200)

0.13

WIT, min, median (IQR) 37 (24–64) 34 (17–53) 0 p < 0.001

EBL, ml, mean ± SD 90 ± 46 35 ± 14 253 ± 121 p < 0.001

Transfusion, n (%) 3 (4.8) 1 (1.1) 2 (3.8) 0.37

Postoperative complication, 

n (%)

6 (9.7) 3 (3.3) 4 (7.5) 0.26

Positive surgical margins, 

n (%)

0 0 0

drainage, ml, mean ± SD 165 ± 79 132 ± 56 245 ± 115 p < 0.001

Catheterization, hours, 

median (IQR)

49 ± 16 37 ± 17 58 ± 20 p < 0.001

LOS, hours, mean ± SD 63 ± 19 56 ± 14 75 ± 27 p < 0.001

Postoperative eGFR (2 weeks), 

ml/min per 1.73 m2, 

mean ± SD

94.5 ± 17.0 96.4 ± 17.1 97.5 ± 17.2 0.82

Postoperative eGFR 

(6 months), ml/min per 

1.73 m2, mean ± SD

93.6 ± 17.8 97.6 ± 17.3 97.5 ± 17.0 0.34

eGFR reduction rate 

(2 weeks), %, mean ± SD

4.2 ± 4.8 3.1 ± 3.2 0.9 ± 1.7 p < 0.001

eGFR reduction rate 

(6 months), %, mean ± SD

6.2 ± 6.7 2.0 ± 3.2 0.8 ± 3.0 p < 0.001

New-onset CKD ≥3, n (%) 0 2 (2.2) 0 0.28

Follow-up, mo, median (IQR) 32 (7–81) 24 (11–49) 23 (6–71) p < 0.001

Tumor recurrence, n (%) 0 1 0 0.92

SD, standard deviation; IQR, interquartile range; WIT, warm ischemia time; EBL, estimated 

blood loss; LOS, length of stay; eGFR, estimated glomerular filtration rate; BUN, blood urea 

nitrogen; CKD, chronic kidney disease. eGFR reduction rate was calculated as percentage 

difference in actual postoperative GFR compared with predicted GFR.
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kidney function abnormalities. In all cases, a patient with an isolated 

kidney due to radical nephrectomy for contralateral renal cell 

carcinoma 7 years ago was considered for off-clamp TE, as he had 

only one functioning kidney and an eGFR of 57.1. Fortunately, 

postoperative kidney function did not decrease significantly (eGFR 

reduction rate at 6 months postoperatively was 3.9%). However, the 

small number of such special cases precluded meaningful 

intergroup comparisons.

However, concerns regarding the safety of off-clamp TE surgery 

exist. Therefore, based on the difficulty of surgery (mABC score), we 

FIGURE 4 

HE-stained tissue sections cut from formalin-fixed paraffin-embedded specimens from the tumor-kidney boundary. (A,B) PN postoperative 

specimen. (C,D) TE postoperative specimen. (K, kidney; PC, pseudocapsule; T, tumor; F, perirenal fat).

TABLE 3 Univariate and multivariable analyses to predict >5% decrease in eGFR.

Variables Univariable analysis P value Multivariable analysis P value

OR (95%CI) OR (95%CI)

Age 1.05 (1.01–1.08) 0.007 1.01 (0.96–1.06) 0.753

Gender

female Referent

male 0.98 (0.45–2.14) 0.961

Preoperative eGFR 0.93 (0.91–0.96) p < 0.001 0.89 (0.86–0.93) p < 0.001

RENAL score 1.46 (1.14–1.89) 0.003 0.69 (0.28–1.67) 0.405

PADUA score 1.54 (1.18–2.01) 0.001 1.14 (0.45–2.88) 0.782

mABC score 2.64 (1.67–4.13) p < 0.001 7.48 (2.73–20.49) p < 0.001

Resection strategy

PN 5.80 (1.59–21.20) 0.008 10.05 (1.75–57.61) 0.01

On-clamp TE 2.32 (0.67–8.73) 0.213 1.46 (0.25–8.67) 0.68

Off-clamp TE Referent Referent

PN, partial nephrectomy; TE, tumor enucleation; R.E.N.A.L, radius exophyic/endophytic nearness anterior/posterior location; PADUA, preoperative aspects and dimensions used for an 

anatomical; mABC, modified arterial based complexity.

TABLE 4 Renal functional outcomes of patients whose eGFR lower than 
90 (ml/min/1.73m2).

Parameters Preoperative 
eGFR

Postoperative 
eGFR (6 months)

P 
value

PN, median (IQR) 70.2 ± 10.6 58.8 ± 12.8 p < 0.001

on-clamp TE, 

median (IQR)

72.0 ± 14.5 67.1 ± 15.6 p < 0.001

off-clamp TE, 

median (IQR)

67.8 ± 13.0 67.2 ± 12.9 0.306

PN, partial nephrectomy; TE, tumor enucleation; IQR, interquartile range.
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divided the patients into groups and compared the postoperative effects 

of different surgical techniques. The results showed that when 

mABC ≥ 4, EBL with off-clamp TE began to increase dramatically. 

When mABC reached 5, EBL had already exceeded 400 ml, 

indicating a high surgical risk, which we consider unsafe. 

Furthermore, postoperative complications and renal function damage 

also began to exceed those with on-clamp TE, indicating a slower 

postoperative recovery. In the off-clamp cases, two patients with 

mABC = 5 underwent wound closure during surgery, considering the 

possibility of postoperative urinary fistula and bleeding. Therefore, 

on-clamp TE is recommended for cases with mABC ≥ 4.

In addition, two points must be considered. First, why did we 

choose non-assisted zero-ischemia nephron-sparing surgery (NSS) 

for renal cell carcinoma? Zero-ischemic NSS mainly includes 

assisted NSS and non-assisted NSS (20). Assisted NSS includes 

ablation/radiofrequency ablation-assisted zero-ischemia 

laparoscopic partial nephrectomy (21–24) and selective renal artery 

occlusion/embolization-assisted zero-ischemia laparoscopic partial 

nephrectomy (25–27). After reviewing the literature, we found that 

ablation or occlusion helps the surgeon complete the surgery under 

zero ischemic conditions (22–27). However, from the perspective 

of the medical economy, considering the poor economic conditions 

of many patients in China, it is necessary to reduce the cost of 

medical procedures in China; therefore, non-assisted NSS is more 

suitable for the national conditions in China. Second, most 

urologists do not perform ablation or occlusion operations, and if 

assisted NSS is performed, it often requires assistance from other 

departments, such as interventional radiology and vascular surgery, 

which makes it difficult to promote in clinical practice. Therefore, 

we contend that non-assisted NSS is better suited to the current 

clinical and socioeconomic context and is more readily adoptable 

in practice. Second, why do we want to introduce the mABC 

scoring system based on the CSA and Anatomic ABC scoring 

systems? CSA is a radiological parameter based on CT imaging, 

which numerically combines tumor size and percentage of 

intrarenal component (28). However, it is too simple and overlooks 

many parameters such as tumor location and proximity to the 

renal hilum (29). Although the ABC scoring system considers the 

complexity of the vessels involved in the operation, it cannot reNect 

the size of the tumor (30). The boundary between partial resection 

and radical resection is mostly based on a 4 cm size. We considered 

the advantages and disadvantages of the two scoring systems and 

combined them together.

Finally, it is important to acknowledge that surgical outcomes 

are operator-dependent. Therefore, our findings should not be 

construed as a rigid clinical guideline but rather as an evidence- 

based tool to inform surgical decision-making.

Data availability statement

The original contributions presented in the study are included 

in the article/Supplementary Material, further inquiries can be 

directed to the corresponding authors.

Ethics statement

The studies involving humans were approved by Ethics 

Committee for Human Research, The Fourth Affiliated Hospital of 

Zhejiang University School of Medicine. The studies were 

conducted in accordance with the local legislation and institutional 

requirements. The participants provided their written informed 

consent to participate in this study. Written informed consent was 

obtained from the individual(s) for the publication of any 

potentially identifiable images or data included in this article.

Author contributions

CX: Writing – original draft, Writing – review & editing. YJ: 

Writing – review & editing. JD: Writing – review & editing, 

FIGURE 5 

Relationship between mABC score and perioperative outcomes (*p < 0.05; **p < 0.01; ***p < 0.001).

Xu et al.                                                                                                                                                                 10.3389/fsurg.2025.1683222 

Frontiers in Surgery 08 frontiersin.org



Writing – original draft. KY: Writing – review & editing. QZ: 

Writing – review & editing. DL: Writing – review & editing. 

CZ: Writing – review & editing. YZ: Writing – review & editing.

Funding

The author(s) declare that financial support was received for 

the research and/or publication of this article. This study was 

funded by Zhejiang Province Medical and Health Technology 

Plan Project (2024KY094), Key R&D Program of Zhejiang 

(2025C02055) and Research on the mechanism of drug 

resistance and key treatment techniques for malignant tumors 

(Horizontal project: 491070-I22301).

Conflict of interest

The authors declare that the research was conducted in the 

absence of any commercial or financial relationships that could 

be construed as a potential conNict of interest.

Generative AI statement

The author(s) declare that no Generative AI was used in the 

creation of this manuscript.

Any alternative text (alt text) provided alongside figures 

in this article has been generated by Frontiers with the 

support of artificial intelligence and reasonable efforts have 

been made to ensure accuracy, including review by the 

authors wherever possible. If you identify any issues, please 

contact us.

Publisher’s note

All claims expressed in this article are solely those of the 

authors and do not necessarily represent those of their affiliated 

organizations, or those of the publisher, the editors and the 

reviewers. Any product that may be evaluated in this article, or 

claim that may be made by its manufacturer, is not guaranteed 

or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found 

online at: https://www.frontiersin.org/articles/10.3389/fsurg.2025. 

1683222/full#supplementary-material

References

1. National Cancer Institute. Kidney and renal pelvis cancer — cancer stat facts 
(2025). Available online at: https://seer.cancer.gov/statfacts/html/kidrp.html
(Accessed May 10, 2025).

2. Capitanio U, Bedke J, Albiges L, Volpe A, Giles RH, Hora M, et al. A renewal of 
the TNM staging system for patients with renal cancer to comply with current 
decision-making: proposal from the European association of urology guidelines 
panel. Eur Urol. (2023) 83:3–5. doi: 10.1016/j.eururo.2022.09.026

3. Singer EA, Rumble RB, Rathmell WK, Van Veldhuizen PJ. Management of 
metastatic renal clear cell cancer guideline expert panel. Management of metastatic 
renal clear cell cancer: ASCO guideline rapid recommendation update. J Clin 
Oncol. (2023) 41:5184–6. doi: 10.1200/JCO.23.01977

4. Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer statistics, 2022. CA Cancer 
J Clin. (2022) 72:7–33. doi: 10.3322/caac.21708

5. Zheng J. ReNections on basic and clinical research in renal cancer. J Modern Urol. 
(2019) 24:169–70. doi: 10.3969/j.issn.1009-8291.2019.03.001

6. Ye D, Zhang H. Current status and development trends in the diagnosis and 
treatment of renal cell carcinoma in China. Chin J Urol. (2014) 35:401–5. doi: 10. 
3760/cma.j.issn.1000-6702.2014.06.001

7. Lee CU, Alabbasi M, Chung JH, Kang M, Seo SI. How far has robot-assisted 
partial nephrectomy reached? Investig Clin Urol. (2023) 64:435–47. doi: 10.4111/ 
icu.20230121

8. Ljungberg B, Albiges L, Abu-Ghanem Y, Bedke J, Capitanio U, Dabestani S, et al. 
European Association of Urology guidelines on renal cell carcinoma: the 2022 update. 
Eur Urol. (2022) 82:399–410. doi: 10.1016/j.eururo.2022.03.006

9. Méndez-Vidal MJ, Lázaro Quintela M, Lainez-Milagro N, Perez-Valderrama B, 
Suárez Rodriguez C, Arranz Arija JÁ, et al. SEOM SOGUG clinical guideline for 
treatment of kidney cancer (2022). Clin Transl Oncol. (2023) 25:2732–48. doi: 10. 
1007/s12094-023-03276-5

10. Wang L, Hughes I, Snarskis C, Alvarez H, Feng J, Gupta GN, et al. Tumor 
enucleation specimens of small renal tumors more frequently have a positive surgical 
margin than partial nephrectomy specimens, but this is not associated with local 
tumor recurrence. Virchows Arch. (2017) 470:55–61. doi: 10.1007/s00428-016-2031-9

11. Graham SD, Glenn JF. Enucleative surgery for renal malignancy. J Urol. (1979) 
122:546–9. doi: 10.1016/s0022-5347(17)56500-3

12. Rosenthal CL, Kraft R, Zingg EJ. Organ-preserving surgery in renal cell 
carcinoma: tumor enucleation versus partial kidney resection. Eur Urol. (1984) 
10:222–8. doi: 10.1159/000463796

13. Cao D-H, Liu L-R, Fang Y, Tang P, Li T, Bai Y, et al. Simple tumor enucleation may 
not decrease oncologic outcomes for T1 renal cell carcinoma: a systematic review and 
meta-analysis. Urol Oncol. (2017) 35:661.e15–e21. doi: 10.1016/j.urolonc.2017.07.007

14. Minervini A, Campi R, Sessa F, Derweesh I, Kaouk JH, Mari A, et al. Positive 
surgical margins and local recurrence after simple enucleation and standard partial 
nephrectomy for malignant renal tumors: systematic review of the literature and 
meta-analysis of prevalence. Minerva Urol Nefrol. (2017) 69:523–38. doi: 10.23736/ 
S0393-2249.17.02864-8

15. Thompson RH, Lane BR, Lohse CM, Leibovich BC, Fergany A, Frank I, et al. 
Every minute counts when the renal hilum is clamped during partial nephrectomy. 
Eur Urol. (2010) 58:340–5. doi: 10.1016/j.eururo.2010.05.047

16. Campbell SC, Novick AC. Surgical technique and morbidity of elective partial 
nephrectomy. Semin Urol Oncol. (1995) 13:281–7.

17. Russo P. Open partial nephrectomy. Personal technique and current outcomes. 
Arch Esp Urol. (2011) 64:571–93.

18. Buia A, Stockhausen F, Hanisch E. Laparoscopic surgery: a qualified systematic 
review. World J Methodol. (2015) 5:238–54. doi: 10.5662/wjm.v5.i4.238

19. Pecheva M, Osmani HT, Khan WS. Recent advances in minimally invasive 
surgery in trauma and elective surgery. In: Iyer KM, Khan WS, editors. General 
Principles of Orthopedics and Trauma. Cham: Springer International Publishing 
(2019). p. 705–16. doi: 10.1007/978-3-030-15089-1_35

20. Hou W, Ji Z. Achieving zero ischemia in minimally invasive 
partial nephrectomy surgery. Int J Surg. (2015) 18:48–54. doi: 10.1016/j.ijsu.2015. 
04.046

21. Nguyen HN, Yamada A, Naka S, Mukaisho K-I, Tani T. Feasibility of 
microwave scissors-based off-clamp laparoscopic partial nephrectomy in a porcine 
model. Surg Innov. (2023) 30:419–27. doi: 10.1177/15533506231165830

Xu et al.                                                                                                                                                                 10.3389/fsurg.2025.1683222 

Frontiers in Surgery 09 frontiersin.org

https://www.frontiersin.org/articles/10.3389/fsurg.2025.1683222/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fsurg.2025.1683222/full#supplementary-material
https://seer.cancer.gov/statfacts/html/kidrp.html
https://doi.org/10.1016/j.eururo.2022.09.026
https://doi.org/10.1200/JCO.23.01977
https://doi.org/10.3322/caac.21708
https://doi.org/10.3969/j.issn.1009-8291.2019.03.001
https://doi.org/10.3760/cma.j.issn.1000-6702.2014.06.001
https://doi.org/10.3760/cma.j.issn.1000-6702.2014.06.001
https://doi.org/10.4111/icu.20230121
https://doi.org/10.4111/icu.20230121
https://doi.org/10.1016/j.eururo.2022.03.006
https://doi.org/10.1007/s12094-023-03276-5
https://doi.org/10.1007/s12094-023-03276-5
https://doi.org/10.1007/s00428-016-2031-9
https://doi.org/10.1016/s0022-5347(17)56500-3
https://doi.org/10.1159/000463796
https://doi.org/10.1016/j.urolonc.2017.07.007
https://doi.org/10.23736/S0393-2249.17.02864-8
https://doi.org/10.23736/S0393-2249.17.02864-8
https://doi.org/10.1016/j.eururo.2010.05.047
https://doi.org/10.5662/wjm.v5.i4.238
https://doi.org/10.1007/978-3-030-15089-1_35
https://doi.org/10.1016/j.ijsu.2015.04.046
https://doi.org/10.1016/j.ijsu.2015.04.046
https://doi.org/10.1177/15533506231165830


22. Urena R, Mendez F, Woods M, Thomas R, Davis R. Laparoscopic partial 
nephrectomy of solid renal masses without hilar clamping using a monopolar radio 
frequency device. J Urol. (2004) 171:1054–6. doi: 10.1097/01.ju.0000103927.75499.5d

23. Zhang X-M, Xu J-D, Lv J-M, Pan X-W, Cao J-W, Chu J, et al. “Zero ischemia” 
laparoscopic partial nephrectomy by high-power GreenLight laser enucleation for 
renal carcinoma: a single-center experience. World J Clin Cases. (2022) 10:5646–54. 
doi: 10.12998/wjcc.v10.i17.5646

24. Zhou J, Wu X, Zhang J, Huang J, Chen Y. Mid-to-long term oncologic and 
functional outcomes of zero ischemia laparoscopic microwave ablation-assisted 
tumor enucleation for renal cell carcinoma: a single-center experience. Transl 
Cancer Res. (2021) 10:2328–36. doi: 10.21037/tcr-20-2846

25. Ng CK, Gill IS, Patil MB, Hung AJ, Berger AK, de Castro Abreu AL, et al. 
Anatomic renal artery branch microdissection to facilitate zero-ischemia partial 
nephrectomy. Eur Urol. (2012) 61:67–74. doi: 10.1016/j.eururo.2011.08.040

26. Nohara T, Fujita H, Yamamoto K, Kitagawa Y, Gabata T, Namiki M. Modified 
anatrophic partial nephrectomy with selective renal segmental artery clamping to 

preserve renal function: a preliminary report. Int J Urol. (2008) 15:961–6. doi: 10. 
1111/j.1442-2042.2008.02141.x

27. Satkunasivam R, Tsai S, Syan S, Bernhard J-C, de Castro Abreu AL, Chopra S, 
et al. Robotic unclamped “minimal-margin” partial nephrectomy: ongoing 
refinement of the anatomic zero-ischemia concept. Eur Urol. (2015) 68:705–12. 
doi: 10.1016/j.eururo.2015.04.044

28. Leslie S, Gill IS, de Castro Abreu AL, Rahmanuddin S, Gill KS, Nguyen M, et al. 
Renal tumor contact surface area: a novel parameter for predicting complexity and 
outcomes of partial nephrectomy. Eur Urol. (2014) 66:884–93. doi: 10.1016/j. 
eururo.2014.03.010

29. Spaliviero M, Poon BY, Karlo CA, Guglielmetti GB, Di Paolo PL, Beluco Corradi R, 
et al. An arterial based complexity (ABC) scoring system to assess the morbidity profile of 
partial nephrectomy. Eur Urol. (2016) 69:72–9. doi: 10.1016/j.eururo.2015.08.008

30. Lee CT, Katz J, Shi W, Thaler HT, Reuter VE, Russo P. Surgical management of 
renal tumors 4 cm. Or less in a contemporary cohort. J Urol. (2000) 163:730–6. 
doi: 10.1016/S0022-5347(05)67793-2

Xu et al.                                                                                                                                                                 10.3389/fsurg.2025.1683222 

Frontiers in Surgery 10 frontiersin.org

https://doi.org/10.1097/01.ju.0000103927.75499.5d
https://doi.org/10.12998/wjcc.v10.i17.5646
https://doi.org/10.21037/tcr-20-2846
https://doi.org/10.1016/j.eururo.2011.08.040
https://doi.org/10.1111/j.1442-2042.2008.02141.x
https://doi.org/10.1111/j.1442-2042.2008.02141.x
https://doi.org/10.1016/j.eururo.2015.04.044
https://doi.org/10.1016/j.eururo.2014.03.010
https://doi.org/10.1016/j.eururo.2014.03.010
https://doi.org/10.1016/j.eururo.2015.08.008
https://doi.org/10.1016/S0022-5347(05)67793-2

	Three-dimensional reconstruction-guided modified arterial-based complexity scoring system for nephron-sparing surgery: comparative outcomes of on-clamp and off-clamp tumor enucleation in renal cell carcinoma
	Introduction
	Methods
	Patients
	Surgical procedure
	Contact surface area calculation
	Modified arterial based complexity scoring system
	Statistical analysis

	Results
	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher's note
	Supplementary material
	References


