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Abstract

Objective—To implement a platform for co-localization of in vivo quantitative multi-parametric 

magnetic resonance imaging (mpMRI) features with ex vivo surgical specimens of patients with 

renal masses using patient-specific 3D-printed tumor molds, which may aid in targeted tissue 

procurement and radiomics/radiogenomic analyses.

Methods—Volumetric segmentation of 6 renal masses was performed with 3D Slicer (http://

www.slicer.org) to create a three-dimensional (3D) tumor model. A slicing guide template was 

created with specialized software, which included notches corresponding to the anatomic locations 

of the MRI images. The tumor model was subtracted from the slicing guide to create a depression 

in the slicing guide corresponding to the exact size and shape of the tumor. A customized, tumor-

specific, slicing guide was then printed using a 3D printer. After partial nephrectomy, the surgical 

specimen was bivalved through the preselected MRI plane. A thick slab of the tumor was 

obtained, fixed and processed as a whole-mount slide and correlated to mpMRI findings.

Results—All patients successfully underwent partial nephrectomy and adequate fitting of the 

tumor specimens within the 3D mold was achieved in all tumors. Distinct in vivo MRI features 

corresponded to unique pathologic characteristics in the same tumor. The average cost of printing 

each mold was US$ 160.7 ± 111.1 (range: US$ 20.9 – 350.7).
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Conclusion—MRI-based pre-operative 3D printing of tumor-specific molds allow for accurate 

sectioning of the tumor after surgical resection and co-localization of in vivo imaging features with 

tissue-based analysis in radiomics/radiogenomic studies.
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Introduction

Radiomics and radiogenomics, relatively new evolving fields, are starting to show their 

potential in the characterization of various cancers in vivo.1, 2 Radiomics involves the 

extraction of quantitative features of medical images using computational algorithms while 

radiogenomics provides the relationship between imaging features and their gene expression 

patterns.2 Renal cell carcinoma (RCC) is a highly heterogeneous tumor.3 While 

approximately 80% of the clear cell carcinomas are associated to a mutation or inactivation 

of the von Hippel-Lindau (VHL) tumor suppression gene, additional mutations differentiate 

the biological behavior of these tumors.3 Initial reports have illustrated the potential of 

radiogenomics in differentiating among different subtypes of clear cell renal cell carcinoma.
4, 5

The last few decades have been noteworthy for the exceptional increase in the detection of 

renal masses due to the widespread use of cross-sectional imaging.6 Imaging techniques 

such as computed tomography (CT), ultrasound (particularly with intravenous contrast), and 

magnetic resonance imaging (MRI) can accurately characterize a renal lesion as cystic or 

solid. Furthermore, both CT and MRI may offer a means to differentiate among different 

histologic subtypes and are highly accurate in the diagnosis of fat-containing 

angiomiolipoma.7, 8 Multiparametric MRI (mpMRI) is particularly well-suited for 

evaluation of renal masses because the ability to combine different image contrast 

mechanisms such as T1- and T2-weighted images with multiphasic contrast-enhanced 

imaging. 9, 10 More recently, the potential of quantitative multi-parametric MRI (mpMRI) 

techniques including diffusion weighted imaging (DWI), arterial spin labelling (ASL), and 

high-temporal resolution dynamic contrast enhanced (DCE) MRI to improve the 

characterization and subtyping in RCC and to provide information about tumor micro-

environment and aggressiveness non-invasively has been reported.9–15

The use of quantitative MRI techniques provides a unique opportunity to correlate objective 

imaging data with histologic and molecular alterations in the same tumor. However, these 

correlations are challenged by the complex anatomy, variability of location and size of renal 

tumor, and physiologic respiratory motion during MRI acquisitions. Three-dimensional (3D) 

printing has gained much attention in the medical sciences particularly in making models for 

planning of surgical procedures, development of patient-specific implants, and creating of 

3D printed models to facilitate the education of patients and trainees.16–23 Previous studies 

have also focused on patient-specific MRI-based prostate molds for accurate correlation 

between the MRI features and histopathologic findings.24, 25 To the best of our knowledge, 

an approach to generate MRI-based patient-specific 3D kidney tumor molds has not been 

Dwivedi et al. Page 2

Urology. Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



reported. The use of such molds to allow accurate co-localization of imaging features in vivo 
with histologic and molecular characteristics in the same tumor provides a platform for 

MRI-based tissue procurement for radiomics and radiogenomic studies. The purpose of our 

study was to generate an MRI-based patient-specific 3D mold for renal tumors and to assess 

our preliminary experience correlating MRI with histopathologic findings.

Materials and Methods

The institutional review board approved this Health Insurance Portability and Accountability 

Act-compliant prospective study. Written informed consent was obtained from all patients 

prior to MR imaging. Inclusion criteria: patients >18 years of age, willing to sign informed 

consent, known renal mass > 2.5 cm in size scheduled for partial or radical nephrectomy, 

and confirmation of RCC diagnosis after surgery. Exclusion criteria: contraindication for 

MRI, prior local or systemic therapeutic intervention including chemotherapy for other 

known neoplasm, confirmation of non-ccRCC diagnosis after nephrectomy, and estimated 

glomerular filtration rate (eGFR) < 30 ml/min/1.73 m2.

MRI Acquisition

All MR examinations were performed on a 3T whole-body MRI system (Ingenia, Philips 

Healthcare, Best, The Netherlands) using a dStream anterior and posterior torso coils. The 

mpMRI protocol has been previously described. 14 Briefly, axial and coronal T2-weighted 

anatomic images were acquired followed by quantitative MRI techniques including a 

coronal 2-dimensional (2D) ASL sequence, DWI, and DCE MRI before and after the 

administration of a bolus 0.1 mmol/kg body weight of gadobutrol (Gadavist; Bayer 

Healthcare Pharmaceuticals, Wayne, NJ) at a rate of 2 mL/s followed by a 20 mL saline 

flush at 2 mL/s.13, 14 The basic imaging parameters for the MRI acquisitions are shown in 

Table 1 (Supplementary Table 1). A table location in the coronal plane located 

approximately in the center of the mass was selected for radiomics analysis and recorded.

Tumor Segmentation and 3D Printing of Patient-specific Mold

A set of coronal 3D post-contrast images from the DCE acquisition demonstrating a good 

contrast between the tumor and the renal parenchyma were selected and transferred into 3D 

Slicer (http://www.slicer.org), a free open source software for medical image computing.26 

The editor tools in 3D Slicer were utilized to manually segment the entire tumor in the 

Digital Imaging and Communications in Medicine (DICOM) images (i.e. in every slice 

including portions of the tumor) into a ‘label map’. A 3D model of the tumor was generated 

by the model maker module in 3D Slicer and saved in the standard tessellation language 

(STL) file format. A slicing guide template was created in the computer aided design (CAD) 

software (SolidWorks; Dassault Systemes, Velizy-Villacoublay, France), which has notches 

corresponding to the anatomic locations of the MRI images to enable accurate sectioning of 

the tumor after surgical resection. In addition, the pre-selected center slice on the 3D 

acquisition is marked in the template with a deeper notch (Figs. 1A, 1B). This template was 

then exported as an STL file, and both the 3D tumor and slicing guide STL models were 

imported into Netfabb software (Netfabb GmbH, Parsberg, Germany). In Netfabb, a Boolean 

operation was performed, where the anatomic tumor model was subtracted from the slicing 
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guide model, leaving a depression in the slicing guide corresponding to the exact size and 

shape of the tumor. The mold was marked with anterior, posterior, and/or lateral labels 

depending of the location of the primary tumor. Then, this customized, tumor-specific, 

slicing guide was printed as a 3D mold using a 3D printer (Projet 3512HD, 3D Systems, 

Rock Hall, SC) (Fig. 1C).

Radio-pathologic correlation

After partial nephrectomy, each surgical specimen was positioned spatially to match its 

anatomic orientation in vivo using fiducial markers placed during the surgery as previously 

described 14 and placed on the 3D mold. The tumor was bivalved through the center slice 

notch to match the MRI plane (Fig. 1D). Targeted tissue samples were then obtained from 

selected areas in the tumor for radiogenomic analysis (Fig 1E). A 4–5 mm thick slab of the 

other half of the tumor was obtained, which is inked in different colors for future spatial 

orientation, placed in whole mount blocks, fixed in 10% buffered formaldehyde solution, 

and processed as part of our routine whole-mount technique using a 7-hour schedule with 

automatic microwave assistance (Pathos Delta; Milestone, Italy), and embedded in paraffin. 

Tissue blocks were sliced in 4 μm thick sections and stained for hematoxylin/eosin (H&E) 

and for immunohistochemistry (IHC). For tumors exceeding a 4.5 × 4.5 cm in size, the thick 

tumor slab is sectioned and placed in multiple blocks and the H&E scanned images were put 

together to reconstruct the entire slab.

Results

We generated patient-specific 3D molds in 6 patients after an mpMRI examination. All 

patients successfully underwent partial nephrectomy with complete resection of the renal 

tumor. Patient demographics, tumor characteristics, and surgical data are presented in Table 

2 (Supplementary Table 2). For the first patient we created two 3D molds, one of the outer 

contour of tumor and one of the internal surface of the tumor where the tumor contacts the 

renal parenchyma (Fig. 2). It became obvious that using the latter would result in more 

precise fitting of the tumor within the 3D mold because the amount of retroperitoneal fat 

resected during a partial nephrectomy is more variable from patient to patient. In contrast, 

the inner parenchymal surface of the tumors is usually smooth after careful enucleation of 

the tumor during a nephron-sparing partial nephrectomy. Furthermore, small amounts of 

uninvolved renal parenchyma that are resected during partial nephrectomies tend to remain 

on the side of the mass and do not interfere with the positioning of the tumor specimen in 

the mold’s depression. Accordingly, for the following 5 patients we only printed the 3D 

molds with indentations representing the inner contour of the tumor. The tumor specimen 

fitted accurately for the 6 patients included in this preliminary study. Representative images 

of the correlation between MRI and gross specimen are presented in Fig. 3 and 4. Distinct 

pathologic features were noted in the different pre-selected areas of the tumor corresponding 

to unique tumor characteristics on MRI. The average cost of printing each mold was US

$ 160.7 ± 111.1 (range: US$ 20.9 – 350.7). In one patient, the entire kidney and a large renal 

tumor were segmented and printed and the cost was $1000.
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Discussion

Several methods have been proposed to accurately register histopathologic slides to imaging 

findings.25, 27 Reports about the use of 3D molds for MRI-histopathology correlations have 

been primarily limited to the prostate. 25, 27 Costa et al. reported an improvement in the 

anatomical registration of the prostate contour of in vivo mpMRI datasets and ex vivo 
prostate whole-mounts using a patient-specific MRI-derived mold compared to conventional 

whole mount sectioning.28 Importantly, the improvement in the registration was also 

maintained for the prostate internal architecture including the delineation of the peripheral 

zone, transitional zone, as well as the tumor contour.28 Our preliminary evaluation using a 

similar approach for renal tumors indicates optimal registration of imaging and pathology 

slides.

Our renal tumor mold was created in a sequential manner, first with segmentation of the 

tumor on the acquired MRI datasets, then by creating a virtual model from the segmented 

anatomy, and finally by post processing and physical printing the mold. We found that 

creating a mold with an indentation that reflects the inner surface of the tumor (i.e. the 

interface between the tumor and the kidney) better accommodates the tumor specimen and 

thus facilitates the registration.

To the best of our knowledge, this is the first report of 3D-printing based patient-specific 

molds to correlate MRI features with histopathology characteristics in the same kidney 

tumors. Furthermore, the mold also allows for collection of targeted tissue samples in areas 

of the tumors that exhibit specific characteristics in vivo such as different blood flow, water 

diffusivity, or fat content. The combination of quantitative MRI techniques with the 3D 

patient-specific tumor mold offers a new opportunity for radiomic and radiogenomic 

analysis based on objective quantitative imaging- and tissue-based data. Further refinements 

in the processing of MRI and histopathology data with texture analysis and machine learning 

algorithms would likely benefit from the improved registration achieved with patient-

specific 3D-printed molds.29, 30

Our proposed methodology is not without challenges. First, the printing cost for our 3D 

molds varied from $20 to $400 depending upon the size of the tumor; however, lower costs 

may be feasible using different materials and 3D printers. Second, it takes approximately 

12–14 hours to print a patient-specific mold, which may limit the ability of creating a mold 

in cases with limited available time between the imaging examination and the surgery. Third, 

the tumor segmentation on the MRI images and converting these into the proper format for 

3D printing is somewhat time-consuming. Fourth, the effect of motion during the image 

acquisition and specimen deformation and/or size change (e.g. shrinkage due to lack of 

blood flow) were not evaluated. However, we found optimal fitting of the tumor in the mold 

indentation on all tumors. Finally, the correlation in tumors with cystic components may be 

more challenging because of leakage of the fluid content and subsequent collapse of the 

tumor after sectioning.

In conclusion, we present a workflow for generating MRI-based patient-specific 3D molds 

of renal tumors that allow proper co-localization of imaging features in vivo with 
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histopathologic characteristics in the same tumor and facilitates correlations with tissue-

based analyses for radiomics and radiogenomic studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
A 3D object was generated by the model maker module in 3D Slicer and saved in the 

standard tessellation language (STL) file format. (A) The green-colored and brown-colored 

objects represent the STLs for the mold and tumor, respectively. (B) Zoomed-in image 

illustrating the notch in the mold (arrow) corresponding to the location of the preselected 

MRI image plane for radiomic analysis. (C) Printed mold using 3D printer with labeling on 

the anterior side (arrow). (D) Slicing of tumor positioned within the 3D mold at the level of 

the notch (arrow). (E) Tumor specimen after sectioning is positioned anatomically. Tissue 

samples can then be obtained from specific co-localized areas to the MRI findings.
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Figure 2. 
Building model for 3D printing. Representative images using a positive mold (red, top) 

versus a negative mold (green, bottom) of the tumor. The anterior side of the 3D mold is 

indicated by the green and orange circles, respectively. Fitting of the tumor on a positive 

mold may be challenged by various amounts of perirenal fat around the tumor specimen. In 

contrast, the inner aspect of the tumor (i.e. interface with the renal parenchyma) tends to be 

more predictable.
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Figure 3. 
Clear cell RCC (ISUP grade 3) in a 49-years-old male patient. Coronal T2-weighted single-

shot turbo spin echo image (A), arterial spin labelled (ASL) perfusion map (B), and T1-

weighted spoiled gradient echo image acquired during the corticomedulary phase (C) of a 

dynamic contrast enhanced examination show a heterogeneous mass in the upper pole of 

right kidney. Note the different morphologic features in the tumor with a solid hypervascular 

component superiorly (arrows) and a non-vascularized area inferiorly (*). (D) Tumor 

specimen positioned within the 3D mold indentation after resection and spatial orientation 

using fiducials (i.e. staples) placed during surgery. The desired location for cutting the 

specimen corresponding to the location of MRI images (A–C) is indicated by the notch 

(arrow) and the anterior aspect of the mass is also noted in the mold (arrowhead). (E) 

Section of gross specimen demonstrating golden yellow solid (arrows) and gelatinous friable 

(*) components in the mass corresponding to the MRI features in vivo. (F) Whole-mount 

histopathologic H&E slide confirms the presence of a large solid component superiorly 

(arrows) and necrosis inferiorly (*). Note that the necrotic space is partially collapsed after 

sectioning. (G) Histopathology of solid area of the tumor shows morphologic features 

characteristic of clear cell RCC. The tumor cells are arranged in nested architecture with 

vascular septae. The cells have eosinophilic to clear cytoplasm, round nucleus and prominent 

grade 3 nucleoli. (H) The gelatinous areas consist of eosinophilic amorphous cellular debris 

with cystic degeneration. No viable tumor cells or fibrosis is identified.

Dwivedi et al. Page 10

Urology. Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. 
Clear cell RCC (ISUP grade 2) in a 50-year-old female patient. Coronal T1-weighted spoiled 

gradient echo images acquired during the corticomedulary (A) and delayed nephrographic 

(B) phases of a dynamic contrast enhanced examination show a heterogeneous mass at the 

upper pole of right kidney exhibiting a hypervascular component peripherally (arrowheads). 

A central stellate area with intense delayed enhancement (*) is present. Coronal perfusion 

map (C) generated with a 2D ASL acquisition shows high perfusion in the periphery of the 

mass inferiorly (arrowheads) with areas of decreased tumor perfusion centrally (*). Bivalved 

gross specimen confirms the presence of a rim of viable tumor tissue (arrowhead) around a 

central scar (*) (D). E) Histopathology in viable tumor showed prototypic clear cell renal 

cell carcinoma, ISUP nucleolar grade 2, with nests of clear cells surrounded by intricate 

branching vascular network (F). Sections from the central scar show hyalinization and 

fibrosis with branching capillary network. No viable tumor cells or necrosis is identified. 

(G).
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