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Abstract

Objectives To investigate the impact of three-dimensional
(3D) printing on the surgical planning, potential of training
and patients’ comprehension of minimally invasive surgery
for renal tumors.

Methods Patients of a TINOMO single renal tumor and indi-
cated for laparoscopic partial nephrectomy were selected.
CT data were sent for post-processing and output to the 3D
printer to create kidney models with tumor. By presenting
to experienced laparoscopic urologists and patients, respec-
tively, the models’ realism, effectiveness for surgical planning
and training, and patients’ comprehension of disease and pro-
cedure were evaluated with plotted questionnaires (10-point
rating scales, 1—not at all useful/not at all realistic/poor,
10—very useful/very realistic/excellent). The size of resected
tumors was compared with that on the models.

Results  Ten kidney models of such patients were fabri-
cated successfully. The overall effectiveness in surgical
planning and training (7.8 & 0.7-8.0 &+ 1.1), and realism
(6.0 £ 0.6-7.8 £ 1.0) were reached by four invited urolo-
gists. Intraoperative correlation was advocated by the two
performing urologists. Patients were fascinated with the
demonstration of a tactile “diseased organ” (average >9.0).
The size deviation was 3.4 + 1.3 mm.

Conclusions Generating kidney models of TINOMO
tumors with 3D printing are feasible with refinements to be
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performed. Face and content validity was obtained when
those models were presented to experienced urologists for
making practical planning and training. Understandings of
the disease and procedure from patients were well appreci-
ated with this novel technology.
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Introduction

Three-dimensional (3D) printing is a technology that is
developed rapidly in recent years. With the incorporation of
computer aided designing, tactile 3D objects can be gener-
ated through special printing devices. The principle is almost
identical to that in a classic spray printer, and multiple printed
sheets are sintered together with stereolithography [1]. Theo-
retically, objects of any shape can be formed. Early applica-
tion was in industrial manufacturing to produce specialized
modules. The medical usage appeared later together with the
revolution of imaging and bio-materials. The potential advan-
tage, when compared with traditional two-dimensional (2D)
films, is clear that it may help both physicians and patients
comprehend the disease more. With a tangible copy of
an organ or system, physicians may be able to make better
determinations and plans, and/or design proper prostheses in
replacement of dysfunctional tissues or organs. Encouraging
results have been recently reported in craniofacial surgery,
stomatology, and orthopedics [2—4], but little in urology.

In the current study, our effort using 3D printing in mini-
mally invasive treatment of urology is presented. From
June 2013 to January 2014, kidney models from patients

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00345-015-1530-7&domain=pdf

534

World J Urol (2016) 34:533-537

with TINOMO renal tumors were successfully “printed.”
The usefulness on surgical planning, potential of surgical
training, dimensional satisfaction and patients’ comprehen-
sion of the disease and management was then investigated.

Materials and methods

1. Patient selection
Patients diagnosed to have a single renal tumor of stage
TINOMO and clinically indicated for laparoscopic par-
tial nephrectomy were included.

2. Generation of 3D kidney models
Prior to the surgery, the patients received standard con-
trast enhanced CT scan for the overall urinary tract,
slice of 5 mm at 120 kV and 320 mA, and injection of
80-100 mL non-ionic contrast materials at 2-2.5 mL/s.
Images were reconstructed at 1.25 mm interval slices.
Data in DICOM format were sent for processing with
Medical Imaging ToolKit (MITK) and 3DMed [5] by
Institute of Automation, Chinese Academy of Sciences.
Major vasculature (renal arteries and veins), collecting
system (major calyces, pelvis, and ureter), and tumor
were preserved, but perirenal tissue removed. Inter-
relationships between the tumor, surrounding paren-
chyma and other key structures were attempted in vari-
ous virtual sections. The final output was in standard
STL format after denoise, smoothing, and meticulous
filling. LaserCore5300® 3D printer (Longyuan Rapid
Prototyping Ltd, Beijing, China) was used to produce
the kidney models. The printing material was thermo-
plastic plastics, and the sheet thickness 0.2 mm. Man-
ual coloring of the parenchyma (rose-red), vasculature
(arteries in red and veins in blue), collecting system
(yellow), and tumor (pink) was finally performed. The
model creation took three-to-four working days and the
price for each model was about $150, including post-
processing, printing, and material. The 3D printer was
an industrial type, worthy of $110,000, whose manager
is dedicated to medical extensions.

3. Model evaluation from urologists and patients, and
tumor size comparison (resected vs. printed)
Two questionnaires with open ended questions of
ordinal 10-point rating scales (1—not at all useful/
not at all realistic/poor, 10—very useful/very realistic/
excellent) were plotted [6, 7]. In the questionnaire for
experienced laparoscopic urologists (laparoscopic par-
tial nephrectomy >30 cases), five questions of overall
usefulness (1 item), realism (3 items) and whether a
useful tool in surgical planning and training (1 item)
were asked to test face and content validity. The other
questionnaire was for patients, in which four questions
on whether the model a tool for surgeon—patient com-
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munications were designed—overall satisfaction of
conversation (1 item), model assistance in understand-
ing the disease and procedure (2 items), and preference
of using 3D models by urologists (1 item). After the
surgery, the size of the tumors resected was compared
with those measured on the models.

Results

From June 2013 to January 2014, 10 patients with a unilat-
eral single renal tumor of stage TINOMO and clinical indi-
cation of laparoscopic partial nephrectomy were selected.
Demographics and surgical variables are shown in the
Table 1.

Tumor-specific kidney models for all patients were suc-
cessfully generated. Overall kidney contour, tumor, vascu-
lature, and collecting system were clearly presented with
regards to the virtual reconstructions (Fig. 1a, b). Through
different sectioning, the infiltration of the tumor into the
parenchyma and its relationship with other key structures
could be further investigated (Fig. lc, d). Preoperatively,
four experienced laparoscopic urologists, including two
operating urologists, were surveyed for the face and content
validation. The overall usefulness, realism and usefulness
in surgical planning and training were rated as 7.8 £ 0.7
(Q1), 7.3 £ 0.5 (Q2, graphics), 6.0 £ 0.6 (Q2a, details of

Table 1 Demographics and surgical variables

Variable n=10
Age, year 53+9.2
Gender
Female 4 (40.0 %)
Male 6 (60.0 %)
Tumor location
Upper pole 5 (50.0 %)
Renal hilum 2 (20.0 %)
Lower pole 3(30.0 %)
Tumor diameter, mm
CT 393+ 114
Model 345+ 13.0
Actual 379+ 119
Deviation model versus actual 34+£13
Operative time, min 66.3 = 11.08
Occlusion time, min 26.5 £5.15
Serum creatinine, pumol/L
Preoperative 80.5 £ 14.99
Postoperative 86.5 £ 12.09
Blood loss, mL 74.5 £ 12.34
Complication
Perirenal hematoma 1 (10 %)
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Fig. 1 A hilar renal cell carci-
noma of left kidney. a Standard
contrast enhanced CT scan,

b CT reconstruction,

¢ 3D printed kidney model with
the tumor, d model sectioned at
the maximal diameter of tumor
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Fig. 2 Face validation of the kidney models. Q1 = overall useful-
ness; Q2 = graphics; Q2a = details of vasculature and collecting sys-
tem; Q2b = tumors size and inter-relationship; Q3 = usefulness in
surgical planning and training

vasculature and collecting system), 7.8 £ 1.0 (Q2b, tumor
size and inter-relationship), and 8.0 &+ 1.1 (Q3), respec-
tively (Fig. 2). All participating urologists agreed and advo-
cated that it be a beneficial advancement for surgical plan-
ning and potential training of demanding procedures, when
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Fig. 3 Patient’s acceptance survey of the kidney models. Q1 = over-
all satisfaction of the conversation; Q2 = the model is useful to
understand the disease; Q3 = the model is useful to understand the
procedure to be taken; Q4 = whether like the way using the model to
discuss with the urologist

combined with 2D data. The rating from the patients was
nine or over in all four questions (Fig. 3).

Laparoscopic partial nephrectomy for tumor resec-
tion was performed for all those patients. Apart from one
case of perirenal hematoma formation controlled by blood
transfusion, most cases were uneventful. The size deviation
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between model and specimen was 3.4 &= 1.3 mm (Table 1).
Pathology correlated well with the preoperative diagnosis
and no positive margin was encountered. The two operating
urologists claimed that intraoperative navigation with those
models was helpful in presenting tumor details, its relation-
ship of surroundings, resection range, and avoidance of
injury to key structures, especially for those in the hilum.

Discussions

Surgery has shifted into the era of minimal invasiveness.
However, surgical planning at present still depends on
transferring the solid lesion into multiple 2D images. With
brain-work or computerized softwares, a virtual reconstruc-
tion is created and then validated by actual manipulations
on individual patients. However, this process might be
reformed by 3D printing which brings this virtual recon-
struction into a tangible stage. The emerging application
for preoperative planning has been successful in some sur-
gical specialties mentioned. Attempts were also reported in
some challenging clinical scenarios and surgical training.
Rohner et al. [4] successfully used 3D printing for planning
and navigation in a complicated case of facial reconstruc-
tion. 3D printed templates of Charcot foot were individu-
ally fabricated by Giovinco et al. [8] for surgical simula-
tion. The practice on patient-specific templates effectively
affected the final correction. Hurson et al. [9] studied 12
cases of acetabular fracture with 3D printing. Apart from
preoperative planning and surgical refinement, the used
models were further presented to younger surgeons, medi-
cal students, nurses, and operating staff for further training.

Due to the sharp contrast to the peripheral tissue in those
bony structured specialties, imaging data can be precisely
extracted and translated through 3D printing into the anat-
omy to be operated. Image processing is relatively easy
and materials ready for printing. For the supple viscera
full of intra-organic intubations like the liver and kidney,
however, the fabrication is far more complicated. Studies
in this regard are limited, focusing mainly on the dimen-
sional accuracy. Materials for printing are usually nonflex-
ible in nature, including thermoplastic plastics and light
solid resin. In his review, Ikegami [10] sorted out publica-
tions on 3D printing in liver transplantation. Preoperative
evaluation was feasible and helpful in delineating the vol-
ume data of the allograft, especially in pediatric patients.
In a recent comparative study by Zein et al. [11], flexible
materials of TangoPlus® series were utilized to simulate
the donated liver, including the parenchyma, portal vein,
intra-hepatic biliary tree, and arteries. The average dimen-
sional deviation was lower than 4 mm and that of tubular
structures lower than 1.3 mm. The authors claimed that this
methodology may provide transplant guidance and upgrade
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the donor-recipient compatibility, thus improve the success
rate of living donor liver transplantation. In particular, the
TangoPlus FullCure®, a flexible material close to the tex-
ture of latex, was used in fabricating human vessels else-
where [12]. 3D printing of other non-bony organs for sur-
gical planning and training were also reported, including
neurosurgery of brain tumors and cardiovascular surgery of
primary cardiac tumor or valve replacement [13—15].

Our study of 3D printing was focused on a minimally inva-
sive treatment in urology. The target organ was the kidney
with single T1 tumor clinically indicated for the management
of laparoscopic partial nephrectomy. Currently, the 3D print-
ing recreation was feasible with tolerable length of time and
price. Models fabricated were tested for the acceptance from
urologists and patients, together with the dimensional match-
ing. From the urologists invited, satisfaction on the overall
usefulness (mean 7.8), help in surgical planning and training
(mean 8.0) and realism (mean 6.0-7.8) was recorded, which
proved the face and content validity. In their view, this tumor-
specific simulation was impressive because the lesion could
be seen and touched before the surgery. The tumor infiltra-
tion and its relationship with other important structures could
be further examined from different artificial sections. The
two operating urologists claimed that, besides preoperative
planning, some models were reviewed intraoperatively for
individual navigation. In the aspect from patients, high score
was documented in every question of the survey (>9). A tac-
tile “diseased organ” helped them understand the anatomy,
lesion, and surgical risk better. Conversation over the consent
was efficient because the explanation was straightforward.
The patients surveyed were fascinated about this novel way
of communication. The actual size of tumors was measured
immediately after the specimen was taken out of the patient’s
body. The deviation was 3.4 £ 1.3 mm with the resected
tumors universally bigger than that of the models. Possible
explanation was that the tumor confined in the surrounding
parenchyma might stretch a bit after resection. However, this
was not appreciated by the urologists from the survey (Q2b),
showing the printed models as an acceptable fabrication of
the kidneys with single T1 tumor.

The perspective of our preliminary study using 3D print-
ing in urology is profound. Traditional surgical planning
may be revolutionized and transformed from the format of
reality—virtuality (lesion—films) into that of reality—virtual-
ity—reality. The actual lesion (reality) data are acquired with
modernized imaging system (virtuality), processed and out-
put to a sophisticated 3D printer. The diseased organ model
(reality) is then visualized, touched, and sectioned for sur-
geons to make practical plans and communications with col-
leagues and patients. With the demand of patient safety and
strict practice, current surgical skill training has incorporated
tools of simulation with various trainers and virtual reality.
The novel 3D printing technology may become an added-on
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training modality with the potential for surgeons to practice
lesion-specific skills before the actual procedure. Multiple
models of diseased organs may be fabricated and presented
to junior surgeons, residents, medical students, and nurses
for the comprehension and practice of “normal variations”.
Surgeon—patient communications may be optimized by obvi-
ating misunderstandings from the explanation of compli-
cated terminologies and 2D films.

The current study is not without Limitations. Although
the overall realism was accepted, the vasculature and col-
lecting system details were moderate only. The size devia-
tion of 3.4 + 1.3 mm may become significant enough in
misinterpretation. And not only is the tumor size of critical
importance, but also vascular structures and tumor vessels
should be presented in more detail to shorten, for example,
the ischemia time. Highlighting of anatomical structures and
tumor was still performed manually. Thus, imaging data pro-
cessing should be refined to delineate with better quality, and
coloring done at the same time during processing and output.
Our printing material was hard thermoplastic plastics, which
did not allow hands-on practice. The latex textured material
TangoPlus FullCure®, though flexible, was still unfit for sur-
gical manipulations. Proper close-to-tissue materials are to be
sought for or invented so that skill trainings and lesion-spe-
cific rehearsals can be finally accomplished. Research in this
regard should be on-going, and validated by well designed,
randomized trials of larger patient volume.

3D printing application in medicine has aroused con-
cerns increasingly. In the aspect of lesion-specific surgical
planning and skill training, non-comparative advantage is
shown over the conventional methodology. Although still
in its starting phase, this novel technology may become a
breakthrough and bring surgical planning and training from
virtuality back to reality. Ultimately, the efficiency of sur-
gery and patient’s safety will be improved.

Conclusions

Generating kidney models of T1 renal tumors with 3D
printing technology is feasible with refinement in certain
aspects to be accomplished. The models were accepted
by urologists in assisting surgical planning and training of
minimally invasive treatment preoperatively and intraop-
eratively. Face and content validity was obtained. Under-
standings of the disease and the surgical procedure from
patients were well appreciated with this novel technology.
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