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Abstract

Background: An empirical selective clamping strategy based on the direction of the arte-
rial branches can lead to failures during partial nephrectomy, even when assisted by
three-dimensional virtual models (3DVMs).
Objective: To develop and test new 3DVMs that include kidney perfusion regions and
evaluate their intraoperative accuracy in guiding selective clamping and their impact
on postoperative renal function.
Design, setting, and participants: For patients with a kidney suitable for nephron-sparing
surgery, 3DVMs were supplemented with a Voronoi diagram, a Euclidean distance–
based mathematical tool, to calculate vascular-dominant regions the kidney.
Surgical procedure: Robot-assisted partial nephrectomy guided by perfusion-region
(PR)-3DVMs.
Measurements: All anatomic information given by the PR-3DVMs was collected.
Selective or superselective clamping was planned and performed intraoperatively when
feasible under 3DVM assistance. Changes in split renal function (SRF) and estimated
renal plasmatic flow (ERPF) were evaluated for 51 patients who underwent baseline
and 3-mo postoperative renal scintigraphy.
Results and limitations: A total of 103 patients were prospectively enrolled. The median
number of kidney and tumor perfusion regions were 8 (interquartile range [IQR] 7–10)
and 3 (IQR 2–3), respectively. A clampless, selective clamping, and global clamping strat-
egy was applied in eight (7.8%), 79 (76.6%), and 16 (15.5%) cases, respectively, with no
differences between planning and surgery in terms of the number or order of arteries
clamped or the perfusion regions that underwent ischemia. Among the 51 patients
who underwent renal scintigraphy, the mean SRF decreased by 11.3%, 7.7%, and 1.7%
after global, selective, and superselective clamping, respectively (p = 0.004). Similar
ogy. Published by Elsevier B.V. All rights reserved.
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results were obtained for ERPF (18.9%, 9.9%, and 6.0%; p = 0.02). The main limitation is
the need for a bioengineer to manually refine the 3DVMs.
Conclusions: Use of mathematical algorithms for 3DVMs allows precise estimation of
kidney perfusion regions to maximize the efficacy of selective clamping and minimize
renal function impairment.
Patient summary: Three-dimensional models that include regions of blood flow to the
kidney can be used to guide clamping of blood vessels when part of the kidney is being
surgically removed. More limited clamping can reduce damage to the remaining portion
of the kidney and result in better recovery of kidney function after surgery.
� 2023 European Association of Urology. Published by Elsevier B.V. All rights reserved.
1. Introduction

Selective clamping of renal artery branches has been intro-
duced as a vascular management strategy during nephron-
sparing surgery (NSS) [1–5]. The rationale is to reduce the
volume of renal parenchyma exposed to ischemic damage
with the aim of optimizing postoperative functional out-
comes. Literature results confirm better preservation of
renal function, with safety outcomes comparable to those
with clamping of the main renal artery [6–8]. When selec-
tive clamping is planned on the basis of standard bidimen-
sional images, the approach can be confirmed
intraoperatively with indocyanine green (ICG) injection
[9–11]. However, even under ICG guidance, selective clamp-
ing remains a critical step in NSS owing to the potential risk
of bleeding if an incorrect vascular management strategy is
used [12,13]. The introduction of hyperaccuracy three-
dimensional virtual models (3DVMs) partly solved this
issue by increasing understanding of the vascular anatomy
during planning and aiding the surgeon intraoperatively
via direct overlay of images on the operative field through
augmented reality (AR) technology [14–17]. However, this
technology may not be sufficient to guarantee an appropri-
ate avascular resection plane, and the surgeon may have to
switch to global clamping. Intraoperative failure might be
because of the empirical definition of vascular boundaries
within the kidney given by the 3DVMs, based only on the
direction of the arterial branches entering the renal sinus
rather than perfused regions.

The primary aim of this study was to assess the reliabil-
ity of new-generation 3DVMs of the kidney that reproduce
the different perfusion regions instead of empirically esti-
mating them. The second aim was to evaluate the role of
these models in helping the surgeon to perform safe and
effective selective clamping during surgery and their impact
on postoperative renal function.
2. Patients and methods

2.1. Study population

We prospectively enrolled all consecutive patients with a radiological

diagnosis of an organ-confined single renal mass who underwent

robot-assisted partial nephrectomy (RAPN) with intraoperative image

guidance at our center from January 2021 to May 2022. The study was

conducted in accordance with good clinical practice guidelines, and

informed consent was obtained from the patients. According to Italian
law (Agenzia Italiana del Farmaco guidelines for observational studies,

March 20, 2008), no formal institutional review board or ethics commit-

tee approval was needed.

All patients underwent abdominal four-phase contrast-enhanced

computed tomography (CT) within 3 mo before surgery. Exclusion crite-

ria were evidence of anatomic abnormalities, such as a horseshoe-

shaped or ectopic kidney. Patients with preoperative imaging that was

inadequate for creating a 3DVM (such as those with CT images with a

slice acquisition interval of >3 mm or suboptimal difference of enhance-

ment among the phases) and patients with imaging older than 3 mo

were also excluded.

2.2. 3DVM production

Multiphase CT images in DICOM format were processed by Medics

(www.medics3d.com, Turin, Italy) using a dedicated process for hyper-

accuracy 3D (HA3D) reconstruction of patient-specific clinical cases.

The kidney, tumor, arterial and venous branches, and the collecting sys-

tem were segmented using specific algorithms and software for final

production of a 3DVM as previously described [15].

To estimate the kidney perfusion regions, a Voronoi diagram, a math-

ematical tool based on Euclidean distances, was applied to the 3DVMs to

calculate the vascular-dominant regions [18].

The HA3D perfusion regions were calculated by subdividing the

healthy parenchyma into anatomic volumes according to the morphol-

ogy and proximity of each arterial branch and considering the intrasi-

nusal portion of the segmentary vessels up to 1 cm from the interface

between each vessel and the parenchymal tissue. From the artery model,

a center line was extracted using validated vascular modeling toolkit

(VMTK) libraries [19]. To adapt the 3DVM for the algorithm, the center

line for each arterial branch was represented as a set of seed points lying

on consecutive bidimensional planes (Fig. 1A). Each organ parenchyma

voxel was then associated with a center-line point (ie, a seed) according

to a proximity criterion. For each voxel of the kidney, the closest Euclid-

ian distance from a seed point of the arterial center line was calculated.

The algorithm assigned each single voxel to a specific arterial branch

with the highest probability of supplying that voxel, thus defining a

specific perfusion area (Fig.1B). The algorithm combined all the data

for each bidimensional plane and its relative center line points consecu-

tively to produce a 3DVM of the parenchyma composed of distinct

regions of vascularization, each rendered in a specific color for clear dis-

tinguishability from the others (Fig. 1C, D). The final output was in STL

format. The bioengineer uploaded the file to an ICON platform [20] for

planning of the surgical strategy and guidance during the procedure.

2.3. 3DVM-assisted surgery

All the surgeries were performed robotically by the same expert surgeon

(>1000 procedures carried out) via a transperitoneal approach. Before

each procedure, the surgeon assessed the 3DVMs via the ICON platform

http://www.medics3d.com


Fig. 1 – Different phases in the production of a perfusion-region three-dimensional virtual model (3DVM) with software using a Voronoi diagram. (A) From an
artery model visualization of the arterial phase of a computed tomography scan, a center line is extracted and represented as a set of seed points laid on
consecutive bidimensional planes to adapt the 3DVM to the algorithm. (B) Each kidney parenchyma voxel is associated with a center-line point (ie, a seed)
according to a proximity criterion using themathematical Euclidian distance from a seed point of the arterial center line to define each perfusion area. (C) The
final product computed by the algorithm with all the data for each bidimensional plane and its relative center-line points and areas, which are combined
consecutively to create a 3DVM of the parenchyma with distinct regions of vascularization, each rendered in a specific color. (D) Representation of the entire
production process for the 3DVM, starting from the standard model to the new generation that includes a representation of the perfusion areas.
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[20] to plan the surgical strategy. For the purpose of the study, he was

asked to define the renal pedicle management in advance after looking

at the perfusion regions of the virtual model, and to document the num-

ber and level/order of arterial branches to be clamped in a possible

attempt at selective clamping. The surgeon considered the tumor loca-

tion in the kidney in relation to the vascular perfusion regions in contact

with its surface and planned clamping of the vessels feeding those

regions to achieve a bloodless resection field limited to the peritumoral

tissue as much as possible.

The surgical procedure was performed under intraoperative 3DVM

assistance, in both a cognitive and an AR fashion, using the Tile-pro

technology of the da Vinci robotic platform as previously described

[21].

During the intervention, the renal pedicle was managed according to

the principles set in the planning phase, ranging from clampless or selec-

tive clamping to a global clamping strategy. After kidney exposure, the

main renal artery was identified and dissected, with isolation of the seg-

mental branches entering the renal sinus and any accessory and aberrant

arteries identified by the 3DVM. Once the renal pedicle was dissected,

the renal mass was exposed or marked on the kidney surface (if totally

endophytic) under AR guidance and US confirmation.

The arteries preoperatively identified under 3DVM assistance as

those feeding the perfusion areas close to the renal mass were clamped

with bulldog clips for selective clamping. When global ischemia was

planned, the main artery was clamped, while no clamping was per-

formed when a clampless procedure was planned.

In cases managed with selective clamping, near-infrared fluores-

cence was used to confirm the correct vascular management. A solution

of ICG (0.1–0.5 mg/ml/kg) was intravenously injected for visualization of

the portions of the kidney still receiving blood flow as bright green areas,
with clamped areas appearing as grey, and precise identification of the

boundaries and shapes of the different perfusion regions in the kidney

(Fig. 2).
2.4. Measurements

For each patient, we prospectively collected demographic data including

age, body mass index; comorbidities classified according to the Charlson

comorbidity index (CCI) [22]; clinical tumor size, side, location, and com-

plexity according to the PADUA score [23]; perioperative data (including

management of the renal pedicle, type and duration of ischemia); patho-

logical data (including TNM stage [24]); and postoperative complications

classified according to the Clavien-Dindo scheme [25]. In terms of func-

tional assessments, serum creatinine and the estimated glomerular fil-

tration rate (eGFR) were measured preoperatively and 3 mo after

surgery. Split renal function (SRF) and estimated renal plasmatic flow

(ERPF) were evaluated using 99mTc-mercaptoacetyltriglycine renal

scintigraphy at the same time points. The baseline-weighted differential

was calculated as a measure of the percentage reduction in SRF and ERPF

from baseline.

The total number of perfusion regions was recorded after evaluation

of each 3DVM, and the location of each renal mass was evaluated in rela-

tion to the number of perfusion regions it crossed.
2.5. Statistical analysis

The sample size was calculated using the pwr package in R v4.2.1, con-

sidering a small effect size (d = 0.25) and expected power of 80%. The

number of patients for recruitment to meet these criteria was 99 in total.

Patient characteristics were compared using Fisher’s exact test for cate-



Fig. 2 – Planning and intraoperative confirmation of a selective clamping strategy during robot-assisted right partial nephrectomy. (A) Virtual simulation of
selective clamping on the basis of the perfusion-region three-dimensional virtual model. (B) Virtual simulation of the ischemic region and of areas retaining
vascularization. (C) Intraoperative management of the arterial branches following the preoperatively planned clamping strategy. (D,E) Intraoperative
confirmation via indocyanine green injection of the accuracy of the selective clamping, with blood flow maintained at the upper and lower poles of the
kidney. (F) Final steps of the enucleation, showing a bloodless field at the level of the resection bed.

Table 1 – Characteristics of the study population (n = 103)

Parameter Result

Median age, yr (IQR) 66 (57–74)
Median body mass index, kg/m2 (IQR) 25.8 (23.4–28.6)
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gorical variables and the Mann-Whitney test for continuous variables.

Results are expressed as the median (interquartile range [IQR]) or mean

(standard deviation [SD]) for continuous variables, and as the frequency

and proportion for categorical variables. Baseline and postoperative

functional data (serum creatinine, eGFR, SRF and ERPF) were compared

using paired-sample t tests. Data were analyzed using Jamovi v.2.3.
Median CCI (IQR) 2 (2–3)
ASA score, n (%)
�2 82 (79.6)
>2 21 (20.3)

Median CT lesion size, mm (IQR) 36 (25–48)
Clinical stage, n (%)
cT1a 65 (63.1)
cT1b 34 (33)
cT2 4 (3.9)

Kidney face location, n (%)
Anterior face 49 (47.6)
Posterior face 54 (52.4)

Tumor side, n (%)
Right 49 (47.6)
Left 54 (52.4)

Tumor location, n (%)
Upper pole 29 (28.1)
Mesorenal 45 (43.8)
Lower pole 29 (28.1)

Tumor growth pattern, n (%)
>50% exophytic 57 (55.3)
<50% exophytic 31 (30.1)
Endophytic 15 (14.6)

Kidney rim location, n (%)
Lateral margin 59 (57.2)
Medial margin 44 (42.8)

Median PADUA score (IQR) 8 (7–9)
PADUA risk category, n (%)
Category 1 (PADUA <8) 43 (41.7)
Category 2 (PADUA 8–9) 41 (39.8)
Category 3 (PADUA �10) 19 (18.5)

ASA = American Society of Anesthesiologists; CCI = Charlson comorbidity
index; CT = computed tomography; IQR = interquartile range.
3. Results

A total of 103 patients underwent 3DVM-assisted RAPN
during the enrollment phase. Patient demographics and
preoperative characteristics are reported in Table 1. The
median age was 66 yr. The median body mass index was
25.8 kg/m2 (IQR 23.4–28.6) and the median CCI was 2
(IQR 2–3). The median tumor size was 36 mm (IQR 25–
48) and the median PADUA score was 8 (IQR 7–9). Of the
103 renal masses considered, 41.7% were classified as low-
complexity, 39.8% as intermediate-complexity, and 18.5% s
high-complexity.

As reported in Table 2, 44 patients underwent 3DVM-
assisted RAPN under AR guidance, while intraoperative
assistance was cognitive for 59 patients.

The vascular pedicle was managed with selective clamp-
ing in 79 patients (76.7%) and main artery clamping in 16
(15.5%), while eight patients (7.8%) had a clampless proce-
dure. A significant difference in the distribution of patients
treated with global clamping, selective clamping, or clamp-
less approach stratified by PADUA risk category (p = 0.001),
with a progressive increase in the use of global clamping
from low to high tumor complexity (9.3% for category 1,
12.2% for category 2, and 36.8% for category 3), with



Table 2 – Perioperative variables for the 103 patients undergoing
robot-assisted partial nephrectomy guided by a perfusion-region
three-dimensional virtual model

Parameter Result

Augmented reality procedure, n (%) 44 (42.7)
Median operative time, min (IQR) 92 (75–110)
Hilar clamping, n (%)
Clampless 8 (7.8)
Global clamping 16 (15.5)
Selective clamping 79 (76.7)

Hilar clamping by PADUA risk category, n (%)*
Category 1 (n = 43, 41.7%)
Clampless 8 (18.6)
Global clamping 4 (9.3)
Selective clamping 31 (72.1)

Category 2 (n = 41, 39.8%)
Clampless 0 (0)
Global clamping 5 (12.2)
Selective clamping 36 (87.8)

Category 3 (n = 19, 18.5%)
Clampless 0 (0)
Global clamping 7 (36.8)
Selective clamping 12 (63.2)

Median ischemia time, min (IQR)
Global ischemia 17 (15–25)
Selective ischemia 16 (12–20)

Median EBL, cm3 (IQR) 180 (100–300)
Extirpative technique, n (%)
Pure enucleation 67 (65)
Enucleoresection 36 (35)

Opening of the collecting system, n (%)
Yes 20 (19.4)
No 83 (80.6)

Intraoperative complications, n (%) 1 (1.9)
Postoperative complications, n (%) 11 (10.6)
Postoperative CD grade >2 complications, n (%) 2 (1.9)
Median LOS, d (IQR) 5 (4–6)

CD = Clavien-Dindo; EBL = estimated blood loss; LOS = length of stay;
IQR = interquartile range.
* p = 0.001 for distribution of the clamping approach by PADUA
category.

Table 3 – Perfusional kidney and tumor characteristics for the 103
patients

Parameter Result p
value

Median kidney perfusion regions, n
(IQR)

8 (7–10)

Median tumor perfusion regions, n
(IQR)

3 (2–3)

Tumor perfusion regions, n (%)
1 region 14 (13.6)
2 regions 36 (34.9)
3 regions 34 (33.0)
4 regions 14 (13.6)
5 regions 5 (4.9)

3DVM
POP

3DVM
IOM

Clamped arteries, n (%) 0.12
0 arteries 8 (7.8) 8 (7.8)
1 artery 53 (51.5) 68 (66.0)
2 arteries 36 (34.9) 25 (24.3)
�3 arteries 6 (5.8) 2 (1.9)

Clamped artery order, n (%) 0.71
Clampless 8 (7.8) 8 (7.8)
First-order artery 12 (11.6) 16 (15.5)
Second-order artery 41 (39.8) 44 (42.7)
Third-order artery 42 (40.8) 35 (34.0)

Perfusion regions under ischemia, n
(%)

0.18

Lower number than TPRs 8 (7.8) 16 (15.5)
Same number as TPRs 48 (46.6) 36 (35.0)
Higher number than TPRs 35 (34.0) 35 (34.0)
All kidney perfusion regions 12 (11.6) 16 (15.5)

3DVM = three-dimensional virtual model; IOM = intraoperative man-
agement; IQR = interquartile range; POp = preoperative planning;
TPRs = tumor perfusion regions.
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extensive use of selective clamping for intermediate-
complexity kidneys (87.8%). The clampless approach was
only used for low-complexity tumors.

The median ischemia time was 17 min (IQR 15–25) for
global clamping and 16 min (IQR 12–20) for selective
clamping. Pure enucleation was performed in 67 cases
(65%) and violation of the collecting system was recorded
for 19.4% of the surgeries.

The mean operative time was 93.8 min (SD 27.6) and the
mean EBL was 211 ml (SD 132), with no differences
observed by hilar clamping strategy.

Only one intraoperative complication (0.9%; focal viola-
tion of an arterial aneurysm at the level of the retropyelic
artery, managed intraoperatively with a dedicated stitch)
was recorded and no conversions to radical nephrectomy
occurred. Overall, the postoperative complication rate was
10.6% (11/103), with a Clavien grade >2 complication rate
of 1.9%.

The kidney perfusion features and tumor characteristics
of the cohort, as assessed using the 3DVMs, are reported
in Table 3.

The median number of perfusion regions per kidney was
8 (IQR 7–10). The PR-3DVMs revealed the following
distribution of perfused regions crossing the tumor: 13.6%,
one region; 34.9%, two regions; 33%, three regions; 13.6%,
four regions; and 4.9%, five regions.

Comparison of the distribution of patients by the number
and order of arteries clamped according to the preoperative
plan and actual intraoperative evidence revealed no signifi-
cant differences for the number (p = 0.12) or order (p = 0.71)
of the arteries clamped.

Regarding the number of perfusion regions in contact
with the tumor that were under ischemia during surgery,
for 50.5% of the cases their number was the same of the
planning or even lower; for 34.0% was higher, but the same
that was planned preoperatively. Only 3.9% of the cases
(4/103) needed an intraoperative switch from selective to
global clamping, with a 15.5% cumulative rate of ischemia
to all the perfusion regions of the kidney. Among the four
cases in which management of the renal pedicle changed
during surgery, the tumor (intermediate complexity) was
located at the lateral margin of the kidney, close to the vas-
cular regions fed by the retropyelic artery in two. During the
planning phase, the surgeon proposed selective clamping of
the prepyelic branches only, but non-negligible bleeding
from the posterior portion of the resection bed during sur-
gery prompted a switch in strategy to clamping of the
retropyelic artery as well. The third case was a low-
complexity polar tumor scheduled for superselective
clamping but managed with a clampless approach. The last
case was a highly complex, totally endophytic tumor for
which an enucleative strategy was planned, with sparing
of a small portion of the lower pole of the kidney for which



Table 4 – Postoperative and functional variables for the 103 patients

Parameter Result p
value

Pathological stage, n (%)
Benign 24 (23.3)
pT1a 47 (45.6)
pT1b 22 (21.3)
pT2 4 (3.9)
pT3a 6 (5.9)

Median pathological tumor
size, mm (IQR)

34 (25–48)

Positive surgical margin, n (%) 2 (1.9)
ISUP grade, n (%)
Grade1 22 (21.5)
Grade 2 35 (33.9)
Grade 3 13 (12.6)
Not applicable 33 (32)

Median SCr, mg/dl (IQR) 0.34
Baseline 0.92 (0.78–

1.07)
Postoperative 0.99 (0.81–

1.20)
Median change in SCr, % (IQR) 5.9 (�3.60 to

19.1)
Median eGFR, ml/min/1.73 m2

(IQR)
0.11

Baseline 82.8 (63.25–
98.75)

Postoperative 70.0 (55.25–
88.75)

Median change in eGFR, %
(IQR)

9.1 (0.01–
22.1)
Baseline Postoperative

Mean SCr, mg/dl (SD) 0.76
Clampless 1.02 (0.20) 1.08 (0.22)
Global clamping 0.90 (0.21) 1.04 (0.36)
Selective clamping (second-
order)

(0.54) 1.15 (0.74)

Selective clamping (third-
order)

0.98 (0.33) 1.19 (0.50)

Mean eGFR, ml/min/1.73 m2

(SD)
0.33

Clampless 83.2 (19.4) 80.5 (25.6)
Global clamping 82.2 (21) 69.3 (22.4)
Selective clamping (second-
order)

83.4 (30.7) 75.6 (32)

Selective clamping (third-
order)

75.9 (22) 69.2 (22.8)

ISUP = International Society of Urological Pathology; eGFR = estimated
glomerular filtration rate; SCr = serum creatinine; EBL = estimated blood
loss; RCC = renal cell carcinoma; IQR = interquartile range; SD = standard
deviation.
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vascularization should have been maintained during sur-
gery. The case was managed with a hemi-nephrectomy,
with removal of the lower pole together with the tumor,
and therefore its blood flow was interrupted.

Pathological and functional data are reported in Table 4.
Two (1.9%) positive surgical margins were recorded. There
were no differences in functional outcomes (mean serum
creatinine and eGFR) between baseline and 3-mo follow-
up for either the whole cohort (p = 0.34 and p = 0.11) or after
stratification by clamped artery order (p = 0.76).

Functional results for the group of 51 patients who
underwent baseline and 3-mo renal scintigraphy are
reported in Supplementary Table 1.

The changes in SRF and ERPF for the operated kidney dif-
fered significantly by clamping strategy. The mean decrease
in SRF was 11.3% for global clamping versus 7.7% for selec-
tive clamping (first-order artery) and 1.7% for superselective
(second-order artery) clamping (p = 0.004). The mean
decrease in ERPF was 18.9% for global clamping versus
9.9% for selective clamping and 6.0% for superselective
clamping (p = 0.02). None of the patients in this subgroup
underwent clampless surgery.

4. Discussion

We previously evaluated the role of 3DVMs during RAPN
and demonstrated that this technology is helpful in avoid-
ing global ischemia of the healthy renal remnant and mini-
mizing postoperative functional loss [15,26,27]. However,
management of the vascular pedicle, even when planned
with 3DVMs, has remained somewhat empirical to date,
with a need for intraoperative variation of the clamping
strategy in cases of unforeseen bleeding from the resection
remnant [28].

This evidence is in line with some anatomic studies that
demonstrated that the renal arterial vasculature cannot be
schematized according to the classic Graves classification
because of wide variability in the distribution of the arterial
branches [29–31]. Moreover, as reported by Macchi et al.
[31], another variable to consider is the presence of a collat-
eral arterial blood supply between different renal segments
that differs from the classic anatomic knowledge based on
the idea of a terminal supply for each segmental artery [31].

Considering these issues, we developed a new genera-
tion of 3DVMs for which a mathematical algorithm is used
to visualize the perfusion regions for each segmental artery
entering the renal parenchyma. We tested the accuracy of
the new models in defining each perfusion region in com-
parison to real intraoperative evidence and thus their effi-
cacy in achieving precise selective clamping and
devascularization of the perilesional parenchymal volume.
Our results highlight some crucial points of discussion.

First, from an anatomic perspective, the PR-3DVMs
demonstrated non-negligible variability in the number of
vascular regions fed by each segmental artery. Among the
103 cases, the median number of perfusion regions was
eight and ranged from four to 13 across the cohort.

The number of perfusion regions in contact with the
tumor was also highly variable: 48.5% of the virtual recon-
structions showed one or two perfusion regions in contact
with the lesion surface, while tumors were perfused by
three regions in 33% and by four or more regions in 18.5%
of cases.

This information was fundamental in choosing the cor-
rect clamping strategy, allowing the surgeon to plan the
number and order of arteries to be clamped for effective
devascularization of the peritumoral parenchymal tissue.
The number of selective clamping procedures performed
under PR-3DVM guidance was thus very high (76.7%), with
extensive use in the subgroups of patients with
intermediate-complexity (87.8%) and high-complexity
(63.2%) tumors.

In terms of the number of arteries clamped, intraopera-
tive management mainly involved clamping of a single arte-
rial vessel (66%), but one in four cases required clamping of
two different segmental arteries to gain a bloodless field
during tumor resection.
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Regarding the order of the arteries clamped during sur-
gery, the majority of cases were managed with second-
order artery clamping (42.7%), although a significant num-
ber of patients (34%) also underwent third-order artery
clamping.

Of main interest regarding the efficacy of the new PR-
3DVMs in allowing safe selective clamping, there were no
differences in operative time, EBL or PSM in comparison to
global clamping.

Moreover, comparison between the preoperative plan
and actual intraoperative management of the vascular pedi-
cle did not reveal a significant difference in either the num-
ber (p = 0.12) or order (p = 0.71) of the arteries that were
clamped.

Another point of evidence confirming previous data
comes from evaluation of the perfusion regions that
underwent ischemia. We limited ischemia exactly to
regions in contact with the tumor in one-third of the
patients, minimizing functional injury to the kidney. In a
further one-third of the patients, selective clamping
involved a higher number of perfusion regions than those
in contact with the tumor, but vascularization was main-
tained in areas of the kidney far from the lesion. This
case-by-case approach allowed us to plan selective or
superselective clamping before surgery. Comparison of
the preoperative plan and the intraoperative surgical evi-
dence revealed high concordance. This rational approach
allowed the surgeon to avoid ischemia to a large number
of kidney regions, with a global clamping rate of only
15.5% and a low rate of intraoperative switching from
selective to global clamping (3.9%).

Successful translation to clinical practice of the new ana-
tomic insights provided by this tool is confirmed by the
functional results obtained via renal scintigraphy (Supple-
mentary Table 1). Results for the 51 patients who under-
went scintigraphy at baseline and 3 mo demonstrate the
significant functional advantages for the operated kidney
in terms of SRF (p = 0.004) and ERPF (p = 0.02) when selec-
tive or superselective clamping was used. This confirms that
limiting ischemic regions reduces the impairment of post-
operative renal function.

Our study has limitations related to the technology itself
and to the study design. First, a bioengineer expert in uro-
oncology is needed to manually refine the 3D model seg-
mentation of the kidneys. Second, concordance between
the virtual and real regions identified on ICG injection was
evaluated for each case according to visual assessment by
the surgeon, which lacks objective metrics. Third, there
are some limits to adoption of these new PR-3DVMs in daily
practice, mainly related to the costs associated with their
production and use with the dedicated ICON platform.

Moreover, a single surgeon with high experience in min-
imally invasive renal surgery and vascular pedicle manipu-
lation performed all the procedures in the study, potentially
limiting the reproducibility of the perioperative outcomes
reported here. Similarly, the study was conducted in a sin-
gle center experienced in the use of 3DVM-guided surgery,
further limiting the reproducibility. Finally, the lack of ran-
domization to a control group in which cognitive clamping
was performed limits the strength of our results.
Notwithstanding the limitations, use of this tool in the
intraoperative setting allowed the surgeon to follow the
planned strategy step-by-step by consulting the PR-3DVM
to perform precise selective clamping (correlation of 96.1%
between planning and intraoperative evidence) and proper
focus on the tumor resection and suture phases without the
stress of worrying about global ischemia time.

The development of this new generation of 3DVMs
changes the perspective for surgical management in PN by
providing a high level of accuracy for selective clamping
in precision surgery [32].
5. Conclusions

This study demonstrates the accuracy and efficacy of a new
3DVM of the kidney for which a mathematical algorithm is
used to split the parenchymal volume into its vascular per-
fusion regions during digital production. The information
given by this innovative tool significantly contributes to
current knowledge of anatomic principles of the kidney vas-
culature and can help surgeons in performing a super-
tailored nephron-sparing procedure to minimize the extent
of ischemia and functional impairment with the highest
level of safety possible.
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