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Introduction

For decades, radical nephrectomy (RN) has been the gold standard for treatment of renal 

masses; however, with the understanding of the importance of preserving kidney function 

and the advent of minimally invasive approaches, the indications for RN, particularly 

through an open surgical approach, are diminishing [1]. Nephron-sparing surgeries, through 

open and minimally invasive techniques, are now routinely used to treat localized small renal 

tumors [2]. The decision to perform a partial nephrectomy, and the choice of which surgical 

approach to take, involves a complex interaction between various patient factors (e.g. 

comorbid conditions, age, and body habitus) and renal tumor morphology [3]. Some factors 

that influence the surgical planning and decision for minimally invasive partial nephrectomy 
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are the anatomic relationship of the tumor with other structures and its location within the 

kidney [4].

Standardized reporting systems such as the R.E.N.A.L. Nephrometry Score, a renal anatomy 

scoring system used to assess tumor complexity, have been used to guide surgical approach 

for renal tumor surgery [5]. The R.E.N.A.L Nephrometry Score measures the following: 

Radius (maximal diameter in cm) of the tumor, Exophitic/endophytic location of the tumor, 

Nearness of the tumor to the collecting system or renal sinus (mm), Anterior/posterior 

location of tumor, and Location of tumor relative to the polar lines. Anatomic complexity as 

assessed by Nephrometry Score is associated with prolonged warm ischemia time during 

partial nephrectomy [6], and with volume loss and functional recovery after partial 

nephrectomy [7]. This descriptive score based approach, although helpful for pre-operative 

planning and reporting of data, is generally used only as a supplement to visual inspection of 

the radiographic studies by our urologists, who prefer to examine the images prior to the 

surgery.

Two-dimensional (2D) and three-dimensional (3D) stacks of images are typically used to 

assess the tumor anatomy prior to surgery, with 3D reformatted images also available. 

However, complex relationships between the tumor and various nearby structures may be 

difficult to obtain from these images alone. As the field of urology moves away from open, 

RN to minimally invasive and robotic partial nephrectomy, surgeons and trainees often do 

not obtain a tactile familiarity with the tumor until it is removed [8]. Pre-operative 3D 

printed models of renal masses may therefore facilitate surgical planning by allowing 

surgeons to better assess the relationship of the tumor to major anatomic structures such as 

the renal vasculature and collecting system [9-14], and possibly by providing visuo-haptic 

input that could further improve understanding of the complex relationship of the tumor with 

surrounding structures.

Computed tomography (CT) images are generally used to create 3D printed models [13,15]; 

however, magnetic resonance imaging (MRI) is an attractive alternative, since it offers 

superior soft-tissue characterization and flexible image contrast mechanisms, and avoids the 

use of ionizing radiation or iodinated contrast [16]. The objective of the current study was to 

determine whether patient-specific 3D printed renal tumor models derived from MRI change 

pre-operative planning decisions made by urological surgeons in preparation for complex 

renal mass surgical procedures.

Materials and Methods

Patient Selection

A registry of patients who received clinically indicated and research MRI prior to surgery for 

renal masses between 2011 and 2015 (n=74) was retrospectively reviewed by an attending 

urologist with expertise in kidney cancer surgery to identify 10 cases with Nephrometry 

Scores greater than 5. Nephrometry Scores of these 10 cases ranged from 6-10 (average = 

8.3). This study was approved by the Institutional Review Board at the New York University 

School of Medicine.
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Image Acquisition and Post-Processing

Pre-operative images were acquired on a 1.5T MR System (Avanto, Siemens, Erlangen, 

Germany) using a phased array body coil. A 3D post-contrast fat-suppressed gradient-echo 

T1 weighted sequence with an interpolated spatial resolution of 1.4 mm × 1.4 mm × 2 mm 

was used to generate the 3D printed models. Standard sequence parameters were the 

following: TR = 3.58 ms, TE = 1.3 ms, FA = 12°, acquisition time of breath-hold ranged 

from 13 to 20 seconds. Post-operative images were obtained approximately 6 months after 

surgery using the same imaging parameters.

All MR images were imported to a dedicated software platform (Mimics, Materialise, 

Leuven, BE), which was used for 3D visualization, image segmentation, and generation of 

Stereolithography (STL) files. Image post-processing was performed by a research scientist 

with five years of post-processing experience. The kidney tumor, kidney cortex and medulla, 

main renal artery, main renal vein, and ureter were segmented as five separate anatomical 

regions of interest (ROIs) (Fig. 1a). For all ROIs, both thresholding and manual editing was 

performed to ensure that only the anatomy of interest was selected. Each ROI was converted 

to a separate 3D object and combined into a 3D virtual model (Fig. 1b). The segmentation 

data, which were in DICOM format, were converted to STL format so that they could be 

recognized by the 3D printer. Smoothing was performed to minimize the pixelated 

appearance (3-matic, Materialise, Leuven, BE). Each kidney was printed in a clear, 

transparent flexible material (HeartPrint Flex, Materialise, Leuven, BE). Different 

combinations of rigid cyan and rigid magenta (Vero Cyan and Vero Magenta, Stratasys, 

Eden Prairie, MN) were used and 3D printing was performed (Connex 500, Stratasys, Eden 

Prairie, MN) (Fig. 1c). Image post-processing and printing times were recorded.

The FDA currently requires medical 3D printing software to be approved. Certifying the 

accuracy of 3D printers is however out of the realm of the FDA [17]. It is important to 

ensure the accuracy of 3D printed medical models. Therefore, in order to assess the accuracy 

of the 3D printed kidney models, a measurement phantom was designed using computer-

aided design (CAD) software (Fig. 2a) and 3D printed in the same materials as the kidneys 

(Fig. 2b). The phantom was 50 × 50 mm2 in in total dimension. It consisted of six 5mm × 

10mm rectangles, six 2mm × 10mm rectangles, six 1mm × 10mm rectangles, one 3mm 

diameter circle, one 6mm diameter circle, and one 10mm diameter circle. Each circle 

diameter was measured four times (twice in both the x and y directions) and the length and 

width of each rectangle were measured twice, on the 3D printed phantom. Measurements 

made on the 3D printed phantom were compared to CAD file measurements. In addition, 

tumor diameter measurements were made on the 2D images and were compared to caliper 

measurements made on the exophytic tumors of the 3D printed models. Six exophytic 

tumors were measured in two dimensions, right to left and craniocaudal (CC), and one 

partially exophytic tumor was measured in one dimension (CC); therefore allowing 13 total 

measurements. Measurements performed on the 3D printed models were performed in a 

similar manner to those shown in a recent study by Ripley et al [18].

Pre- and post- operative renal volumes were calculated using the segmentation data. The 

degree of volume loss in the operated kidney was correlated with ischemia time, 
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Nephrometry Score, and changes in decisions between hypothetically selected pre-surgical 

planning decisions with and without the 3D model.

Pre-Operative Planning

Renal mass cases were reviewed individually by three experienced urologists, one with 17 

years and two with 12 years of experience. First, cases were reviewed with imaging alone on 

the picture archiving and communication system (PACS). Next, in a separate session with at 

least one week separation, cases were then reviewed with imaging in addition to the 3D 

printed model. All cases were blinded and the case order was randomized in both sessions. 

All urologists had extensive experience performing pre-operative planning using the PACS 

system which has 3D multi-planar reformatting capability.

A questionnaire was completed during each session; and the planned surgical approach, 

including decisions regarding (1) partial or radical nephrectomy, (2) open or robotic 

approach, (3) transperitoneal or retroperitoneal approach, and (4) clamping were evaluated 

with and without the 3D model (Table 1). Operative notes were reviewed to determine how 

the actual procedures were performed. The hypothetically preferred pre-operative 

approaches with and without the models were compared to each other as well as to the 

actual surgical intervention as determined in the operative notes.

At the end of review of all cases, the surgeons were asked if 3D models helped significantly 

with comprehension of anatomy and surgical planning and whether the models helped to 

increase their confidence that the surgery was planned correctly.

Statistical Analysis

Correlation between measurements made on 2D data sets and 3D printed models were 

calculated using the Pearson correlation coefficient. In order to determine the difference 

between the measurements, a Bland Altman analysis was performed. The planned operative 

approach as determined on the 2D image review and 3D printed model were compared to the 

actual surgical approach and agreement was calculated for each surgeon. Correlation 

between volume loss and nephrometry score was also calculated using the Pearson 

correlation coefficient. Statistical analysis was performed using MiniTab 17 (MiniTab Inc, 

State College, Pennsylvania).

Results

Image Post–Processing/Printing

Image post-processing time was approximately 7 hours per kidney model. Each model took 

approximately 10 hours to print and cost about $US 1000. (See discussion for further 

consideration of time and cost). There was a high degree of correlation between CAD model 

dimensions and measurements made on the 3D printed phantom model (84 measurements 

total, r=1.000, r2 =1.000, p < 0.001) (Fig. 2c). Measurements in 3D printed phantom models 

exceeded the size compared to the reference CAD measurements by an average of 0.04mm 

(1.2 ± 1.6 %). Tumor diameter measurements made on the 2D image sets were in good 

agreement to measurements made on the corresponding 3D printed models (n=13, r = 0.988, 
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r2 =0.974, p <0.001). Measurements on the 3D printed model also exceeded 2D 

measurements by an average of 0.76mm (0.6 ± 1.9 %) (Fig. 3).

Pre-Operative Planning

Results for the planned surgical decisions made with and without the 3D model are 

discussed below (Table 2).

1. Partial or Radical Nephrectomy: Compared to conventional image interpretation 

on PACS, with use of the 3D model, one of the surgeons changed the potential 

surgical approach in 1 (10%) case, and another surgeon changed the approach in 

2 (20%) cases.

2. Open or Robotic Approach: Compared to conventional image interpretation on 

PACS, with use of the 3D model, two of the three surgeons changed their 

approach in 1 case (10%) each.

3. Retroperitoneal or Transperitoneal approach: Compared to conventional imaging 

interpretation, with use of the 3D model one surgeon changed the approach in 4 

cases (40%), and two surgeons changed the approach in 3 cases (30%) each.

4. Clamping: With use of 3D model, one surgeon changed the clamping approach 

in 5 cases (50%), whereas two surgeons changed approach in 4 cases (40%) 

each.

Nine out of the ten subjects were included in the analysis comparing pre-operative planning 

decisions to what procedure was actually performed in the operating room. One subject was 

excluded from the analysis since the surgery was not performed at our institution. 

Concordance between preoperative plan as determined on the conventional imaging and 3D 

model with actual surgical intervention is as follows (Table 3):

1. Partial or Radical Nephrectomy: Planned decisions matched what was performed 

in the actual surgical procedure 100% of the time with the 3D model as 

compared to 92.6% with the conventional image evaluation.

2. Open or Robotic Approach: The proposed approach matched the actual surgical 

approach 81.5% of the time with the 3D printed model versus 77.8% with the 

conventional image interpretation.

3. Retroperitoneal or Transperitoneal Approach: The proposed approach matched 

the actual surgery performed 55.6% of the time with use of 3D model versus 

59.3% with conventional imaging.

4. Clamping: Use of 3D model resulted in a 85.2% match with actual surgical 

approach compared to a 81.5% match with the conventional image evaluation.

After reviewing all ten cases with and without the model, all three surgeons reported that (1) 

the 3D printed model helped with comprehension of anatomy, (2) with regards to decisions 

on surgical approach, and (3) increased their confidence that they correctly planned the 

procedure.
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In terms of actual surgical outcomes, mean parenchymal volume loss for the operated kidney 

was 21.4cc (minimum = 3.2cc, maximum = 90.5cc) six months post-operatively. Volume 

losses corresponding to >20% (mean = 29.8cc) were associated with increased ischemia 

times (Fig. 4a). In addition, surgeons tended to alter their planned surgical approach more 

often with use of the 3D printed models in these cases with >20% volume loss (Fig. 4b), 

with decisions regarding radical or partial nephrectomy (20%), retroperitoneal or 

transperitoneal approach (26.7%), and open or robotic approach (7%) changing the most. 

For this set of complex patients, post-operative volume loss did not correlate with 

Nephrometry Score (r=0.345, p=0.363).

Discussion

In this study, we created ten anatomically accurate, patient-specific 3D printed renal tumor 

models from MRI data and evaluated their impact in pre-surgical planning. A strong 

correlation was noted between the actual measurement on the CAD model and the 

measurements on the 3D printed phantom. Although there was excellent correlation, the 

Bland-Altman analysis suggested that there was a slight systematic overestimation in size on 

both the 3D printed measurement phantom and the 3D printed kidney tumor models.

The translucency of the 3D printed models allows easy visualization of the location and size 

of the tumor as well as the relationship of the tumor to key anatomical structures such as the 

renal artery and renal vein. Furthermore, 3D printed models allow surgeons to touch the 

renal tumor and renal parenchyma, thereby enhancing their understanding of the anatomy 

and facilitating surgical planning.

Our results indicate that even experienced urologists may potentially benefit from the 3D 

printed models for planning of complex surgeries. Specifically, pre-operative 3D printed 

renal mass models could potentially promote nephron-sparing surgery and preservation of 

healthy parenchyma, as surgeons gain a better understanding of the size and location of a 

tumor in relation to normal tissue and vital structures such as the arteries and veins.

In this study, pre-operative decisions, including decisions regarding (1) partial or radical 

nephrectomy, (2) open or laparoscopic procedure, (3) transperitoneal or retroperitoneal 

approach, and (4) clamping were altered with the 3D model. The most frequent changes in 

pre-surgical planning were seen in decisions regarding transperitoneal or retroperitoneal 

approach and clamping (30-50%).

Additionally, the concordance between the actual surgical approach and pre-operative 

surgical decisions regarding nephrectomy type, laparoscopic or open approach, and 

clamping improved with the use of the 3D model. Since the concordance with what was 

actually performed improved with the 3D model, it is possible that 3D printed models may 

facilitate better anticipation of patient-specific anatomy and better planning for a complex 

surgery, potentially allowing for less changes to be made in the operating room, therefore 

reducing duration of induced ischemia or complications related to complex tumor anatomy.

For the complex surgeries that resulted in an actual parenchymal volume loss of more than 

20%, surgeons altered their planned approach more often when a 3D model was available, 
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which suggests that in patients with high degree of anatomic complexity, the pre-operative 

3D printed model might be useful in surgical planning of complex renal masses. 

Furthermore, we found that for this set of cases, with Nephrometry, post-operative volume 

loss correlated with warm ischemia time, but did not depend on Nephrometry Score. It is 

possible that the lack of correlation with Nephrometry Score may be due to the Nephrometry 

Score in part being driven by the size. For example, a Nephrometry Score of 7 due to large 

size does not reflect the same degree of surgical difficulty as a small mass that is completely 

endophytic or touching the collecting system. This will be investigated in future studies.

Similar to the findings by Zhang et al [12], who created 3D printed kidney tumor models 

from CT data and evaluated the usefulness of the models, the physicians in our study 

reported that the 3D models are useful. One key difference is that our 3D printed models 

were derived from MRI and not CT data. Although CT is the most widely used technique for 

the characterization of renal masses [19, 20] MRI is considered comparable to CT by the 

American College of Radiology. MRI is advantageous as compared to CT since it allows a 

highly flexible choice of protocols and provides exquisite soft tissue contrast without 

ionizing exposure. In addition, Zhang et al did not address specific questions regarding 

surgical planning or describe how the 3D printed models impacted specific surgical planning 

decisions. The present study addressed these questions and demonstrated how pre-surgical 

planning decisions regarding nephrectomy type, surgical approach, clamping, and collecting 

system repair may be impacted with the use of the 3D model.

Our study had several limitations. First, our study was limited by a small number of subjects. 

Also, since this was a retrospective evaluation, we could not determine from the operative 

reports whether the surgical plan was altered by the surgeon during the procedure. In 

addition, the impact of the 3D models on patient understanding of their disease and 

treatment plan or on renal function preservation could not be evaluated. Furthermore, 

although 3D printing from MRI data is feasible, present implementation is time consuming 

(mean image post-processing time of 7 hours and mean printing time 10 hours) and costly 

($US 1000 per kidney tumor case). Indirect costs including Information Technology support 

and opportunity costs were not measured in the current study. In the future, automated image 

segmentation methods specific for MRI data and new 3D printing technologies may 

facilitate this 3D printing workflow and may also decrease cost. Two urologic surgeons 

reported that more of the internal anatomy (i.e. distal arterial branches and renal calyces) 

should be shown in the 3D printed models in order to determine if anything was directly 

feeding the tumor and whether or not to anticipate collecting system repair. This would 

facilitate planning for selective arterial clamping and could further decrease the region of 

ischemia. Further work is needed to improve the resolution of the 3D printed models to 

determine the proximity of the tumor to the vasculature and to study differences in planned 

vessel clamping and functional outcomes. Finally, printing materials do not accurately 

mimic tissue properties, and therefore currently do not allow realistic simulations of surgery 

for training.
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Conclusion

Our study demonstrates that anatomically accurate 3D models can be generated from MRI 

data and these 3D printed models may influence pre-operative planning for anatomically 

complex renal masses by experienced urologists. There was high correlation between 

percentage of volume loss and changes in surgical planning decisions with the 3D printed 

model, which suggests that the 3D printed models may provide the surgeons with a better 

ability to plan the for nephron sparing surgeries. A larger, prospective study is currently 

being implemented at our institution to determine the overall impact of the 3D printed 

models on pre-operative planning for renal cancer.
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Fig. 1. 
(a) Axial, coronal, and sagittal views with segmentation masks for one representative case. 

Kidney = teal, tumor = pink, artery = red, vein = blue, collecting system = green (b) Anterior 

and Posterior 3D projections. Kidney = gray, tumor = pink, artery = red, vein = blue, ureter 

= green. (c) Photographs of 3D printed model. Kidney = transparent, tumor = purple, artery 

= pink, vein = light blue, ureter = dark blue.
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Fig. 2. 
(a) CAD file of measurement phantom showing desired measurements in mm. Light blue = 

Heart print flex material, Dark blue = Vero Cyan material, Pink = Vero Magenta material, 

White = No material and (b) 3D printed phantom shown overlaid on graph paper in order to 

demonstrate accuracy of 3D printing. Each dark line on the graph paper represents 1cm and 

each light line represents 1mm. (c) Correlation plot showing agreement between CAD 

model measurements and caliper measurements made of 3D printed phantom model.
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Fig. 3. 
3D models accurately depict tumor size. (a) Bland-Altman plot of diameter measurements 

made on 2D images versus 3D models. The fact that the points lie around the mean 

demonstrates that there is no inherent bias between the two methods. (b) Coronal MRI 

showing two diameter measurements (D1 = 39.1mm and D2 =37.5mm). (c) Diameter 

measurement D1 of 3D printed model by calipers. (d) Diameter measurement D2 measured 

on the same 3D printed model.
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Fig. 4. 
Box plots demonstrating that operated kidney volume loss (a) correlates with ischemia time 

(b) correlates with changes in decision making regarding surgical approach with and without 

3D model. *Whiskers extend to maximum and minimum values.
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Table 1

Pre-surgical physician questionnaire regarding surgical approach and procedure.

Question Response Choices

1. What kind of tumor removal would you perform? Partial or Radical?

2. How would you perform the procedure? Open or Robotic?

3. What approach would you take in order to perform this procedure? Transperitoneal or Retroperitoneal?

4. What type of clamping would you use? None, Selective, or Complete?
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Table 2

Number of times each surgeon changed his/her survey answer to the survey questions when the 3D model was 

provided (when compared to conventional imaging) during the surgical planning work-up.

Radical or Partial? Open or Robotic? Trans or Retro? Clamping?

Surgeon 1 1 (10%) 1 (10%) 4 (40%) 5 (50%)

Surgeon 2 0 0 3 (30%) 4 (40%)

Surgeon 3 2 (20%) 1 (10%) 3 (30%) 4 (40%)
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Table 3

Concordance between pre-operative decisions using imaging alone versus imaging plus 3D printed model as 

compared to actual surgical procedure. Percentage indicates the percentage of time that the pre-operative 

decision matched the actual surgical approach (for 9 cases*, 27 total survey answers for each question). *One 

surgical procedure was not performed at our institution.

Pre-operative Decision Imaging Imaging + 3D Model

Q1: Radical or Partial Nephrectomy? 92.6% 100%

Q2: Robotic Laparoscopic or Open? 77.8% 81.5%

Q3: Retroperitoneal or Transperitoneal? 59.3% 55.6%

Q4: Clamping? 81.5% 85.2%
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