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Objective: This investigation was performed to evaluate the registration accuracy between 

magnetic resonance imaging (MRI) and pathology using three-dimensional (3D) printed molds.

Methods: Tissue-mimicking prostate phantoms were manufactured with embedded fiducials. The 

fiducials were used to measure and compare target registration error (TRE) between phantoms that 

were sliced by hand versus phantoms sliced within 3D-printed molds. Subsequently, 10 radical 

prostatectomy specimens were placed inside molds, scanned with MRI, and then sliced. The ex 

vivo scan was used to assess the true location of whole mount (WM) slides relative to in vivo 

MRI. The TRE between WM and in vivo MRI was measured using anatomic landmarks.

Results: Manually sliced phantoms had a 4.1 mm mean TRE, whereas mold-sliced phantoms 

had a 1.9 mm mean TRE. Similarly, mold-assisted slicing reduced mean angular misalignment 

around the left-right (LR) anatomic axis from 10.7 to 4.5 degrees. However, ex vivo MRI revealed 

that excised prostates were misaligned within molds, including a mean 14-degree rotation about 

the LR axis. The mean in-plane TRE was 3.3 mm using molds alone, and 2.2 mm after registration 

was corrected with ex vivo MRI.

Conclusion: Patient-specific molds improved accuracy relative to manual slicing techniques in a 

phantom model. However, the registration accuracy of surgically resected specimens was limited 

by their imperfect fit within molds. This limitation can be overcome with the addition of ex vivo 

imaging.

Significance: The accuracy of 3D printed molds was characterized, quantifying their utility for 

facilitating MRI-pathology registration.

Keywords

Image registration; Magnetic resonance imaging; Pathology; Phantoms; Three-dimensional 
printing

I. Introduction

Multi-parametric magnetic resonance imaging (mpMRI) has become an important tool in the 

diagnosis and localization of prostate cancer (CaP) [1], though many tumors are missed or 

mischaracterized [2], [3]. In order to improve prostate mpMRI, imaging must be correlated 

with groundtruth histopathology. The true extent of CaP tumors can be observed on whole-

mount (WM) prostatectomy slides, but existing MR-WM registration techniques introduce 

substantial errors [4]. These techniques rely on assumptions regarding the position, 

orientation, and shape of an excised gland relative to preoperative MRI, which may be 

erroneous.

One common assumption during MR-WM registration is that prostate specimens are grossed 

with uniform slice width and orientation. However, since excised glands are typically sliced 

by hand, the resulting slides are neither evenly spaced nor parallel to one another, and their 

correspondence with MRI is uncertain [5]. Furthermore, the sparse through-plane resolution 

of whole mount slides can cause tumors to be missed or mischaracterized [6].

Prostate geometry on WM slides can differ considerably from the gland’s size and shape 

observed on MRI, further confounding attempts at correlation. During MRI, the use of 
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endorectal receiver coils can substantially deform the gland [7]. During prostatectomy, 

extraprostatic tissue is often resected beyond the capsule, while factors such as bladder neck 

dissection, vascular and urethral collapse, and tissue dehydration can reduce prostate volume 

by 10% [8]. The specimen is subject to further deformation during pathology processing, 

including shrinkage from formalin fixation and the tensile stresses of tissue slicing [9], [10].

Many efforts have been made to improve MR-WM registration accuracy. Manually 

annotated landmarks such as the urethra, capsule, and prostate nodules have been used to 

inform nonrigid MR-WM registrations [11]–[13]. Voxel intensities and image features have 

also been leveraged to perform registrations using machine vision and/or mutual information 

(MI) [13]–[16]. However, these efforts were limited by small sample sizes and often made 

specious assumptions regarding the spacing and orientation of WM slides. Since the true 

position and angle of manually acquired slices is unknown, registration errors likely 

persisted.

Others have employed a guide or template to regulate prostate slicing, ensuring that slides 

were acquired with uniform spacing and orientation [5], [17]–[19]. Though this approach 

enabled a reasonably accurate calculation of tumor volume, such systems had no way of 

ensuring that the gland was sliced at positions and orientations that matched MR images. 

They also had no prospective means of adjusting for patient-specific anatomy or 

compensating for gland deformation.

Ex vivo

MRI of excised glands has been employed by some groups to visualize the surgical 

specimen and register it with preoperative images [8]–[9], [12], [19]–[21]. Park et al. 

employed MI and nonrigid transformations to register WM with block-face photographs, ex 
vivo MRI, and in vivo MRI. Using an indirect measure of target registration error (TRE) in 2 

specimens, they reported 2.3-3.7 mm mean error [12]. Reynolds et al. stabilized 6 specimens 

in agarose, performed ex vivo MRI, and nonrigidly registered them to the in vivo image 

series. An analysis of anatomic landmarks suggested that their approach conferred 3.3 mm 

TRE between in vivo MRI and WM [19]. Gibson et al. supplemented anatomic landmarks 

with gadolinium-soaked fiducials in 9 specimens. Since the fiducials were visible on both ex 
vivo MRI and WM slides, they could serve as the basis for an affine transformation that 

yielded sub-mm TRE [20]. These efforts have shown that ex vivo MRI can enable highly 

accurate registrations. However, ex vivo scanning studies have been limited by small sample 

sizes, since they tend to require specialized pathology processing, custom imaging, and 

additional analysis.

In recent years, 3D-printed patient-specific prostate molds have been introduced as a means 

of processing excised glands and facilitating MR-WM registration. Unlike other slicing 

templates, molds are manufactured to match each gland’s anatomy on MRI. If the specimen 

is effectively held in the same shape and orientation that was observed during in vivo 
imaging, each slide acquired should match a specific MRI slice. This approach was first 

described by the National Cancer Institute [22]–[24], which reported on the use of custom 

molds to obtain WM slides in 6-mm increments for 73 patients. Subsequently the University 

of California Los Angeles designed a patient-specific mold for obtaining slices in 4.5-mm 
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increments, and reported on its use in 114 cases [3]. Patient-specific molds show promise, 

but to date few groups have reported on the errors associated with mold-based registration. 

When Elen et. al. used ex vivo MRI to evaluate 3 excised prostates within conventional 3D-

printed molds, they observed substantial rotational misalignment [25]. This effect could 

greatly reduce registration accuracy and the utility of 3D-printed molds.

In order to substantiate the benefits of 3D-printed molds versus conventional slicing, we 

conducted a statistically powered study using tissue-mimicking prostate phantoms. This 

study helped to establish a lower bound for registration error. Subsequently, in order to 

quantify the errors resulting from the fit and alignment of actual specimens within 3D-

printed molds, we performed ex vivo imaging and MR-WM registration for 10 excised 

prostates.

II. Materials and Methods

The design, manufacture, and use of 3D-printed patientspecific molds at our institution has 

been previously reported [3], [26], [27]. In order to generate a mold, patients received pre-

surgical T2-weighted MRI (SPACE, FOV 170×170×90 mm3, TE/TR = 204/2230 ms, 

resolution 0.66×0.66×1.5 mm3, 2 averages, 7 min). The prostate capsule was contoured in 

3D using segmentation software (Profuse, Eigen, Grass Valley CA), and the contours were 

used to create a cavity within a mold using computer-aided design software (Solidworks, 

Dassault Systémes, France). Slots with 4.5 mm spacing were aligned with MRI slice 

positions, allowing every third MRI slice to be sampled during pathology processing. Molds 

were manufactured using consumer-grade 3D printers (Makerbot, Makerbot Industries, 

Brooklyn NY) and printing software (Simplify3D, Simplify3D Inc., Cincinnati OH). Each 

mold cost approximately $3 USD, took approximately 5 hours to print (20% infill, 0.2 mm 

resolution), and was composed of ∼0.1 kg of polylactic acid, a biocompatible plastic.

A. Comparison of Mold-Assisted Slicing Vs. Conventional Slicing in Tissue-Mimicking 
Phantoms

In an IRB-approved protocol, tissue-mimicking prostate phantoms were produced to 

compare mold-assisted gland slicing with conventional techniques (N = 28 phantom pairs, 

sliced by 7 operators). Statistical analysis based on a test case indicated that 20 or more 

phantom pairs would yield greater than 95% power for detection of differences in slice angle 

and slice thickness.

Six MRI prostate contours were selected from a prior clinical study to serve as models for 

the phantoms. They were chosen to represent a variety of morphologies, tissue volumes 

(33-68 cc), and MR acquisition angles relative to the posterior capsule surface (1-22 

degrees). The prostate contours were used to generate cavities within six templates, along 

with divots to indicate urethra location and channels for 12 vector fiducials (Fig 1A). The 

templates were designed and 3D-printed via the same procedure as patient-specific molds. 

They were then used to cast six unique phantoms (Fig 1B).

After sealing the casting template, 26-Ga needles were inserted through each planned 

fiducial trajectory. A 3% agarose solution was heated to a boil and allowed to cool below 
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50°C before filling the casting template. The cast phantom was cooled for three hours within 

a refrigerator, solidifying into an agar gel that approximated the mechanical properties of 

prostate tissue. Next, water-insoluble acrylic ink was injected through the needles as each 

was withdrawn, leaving behind 12 color-coded fiducials. Last, each phantom was inked 

externally to indicate urethra location and anatomic orientation.

Four of the 12 fiducials were inked blue and ran parallel to the inferior-superior (IS) axis, 

framing the corners of a 15×15 mm rectangular prism. Four other fiducials were inked red, 

and framed the corners of a tapering pyramid. Since they were tightly clustered near the 

phantom base but far apart near the apex, their relative positions were sensitive to slicing 

depth. The last four fiducials were inked green and assigned random trajectories, each 

intended to be uncorrelated with all other fiducials.

Fiducial positions were computed for simulated slice planes in each of the six phantom 

models (Fig 1C), sampled in 0.2 mm depth increments and 1 degree angle increments for 

rotations about the anterior-posterior (AP) and left-right (LR) anatomic axes. Fiducial 

coordinates were recorded that corresponded to 275,000 – 350,000 unique slice planes per 

model, depending on prostate size. The coordinates were projected into 2D and saved into a 

look-up table.

Seven operators (3 pathologists and 4 pathology assistants) were recruited for this study, all 

of whom had experience grossing prostate specimens in a surgical pathology laboratory. 

Each operator was assigned a set of 4 prostate phantom pairs. The first 3 phantom pairs were 

all derived from different prostate models, and were used to compare manual slicing versus 

mold-based slicing. The fourth phantom pair was a repeat of the first prostate model, and 

was used to assess intra-operator variability. Operators were also provided with 3D-printed 

slicing molds, the cavities of which were enlarged 5% relative to the agar phantom volume 

in order to simulate imprecise fit within the mold. The operators utilized sectioning knives, 

forceps, paper towels, gloves, and a cutting board when grossing the specimens.

Each operator was instructed to section each pair of phantoms, first by hand exactly as they 

would have processed a clinical specimen. Specifically, their goal was to place the prostate 

posterior-side down and then to section it from apex to base, with evenly spaced (∼5 mm 

thick) slices perpendicular to the cutting board and the apex-to-base axis. After manual 

slicing was complete, mold-assisted slicing was performed by first positioning the phantom 

within the mold, then cutting down through each mold slot serially from apex to base. Hand 

slicing always preceded mold-assisted slicing, so the operator would not be biased by the 

slice orientation imposed by the mold. This process was repeated four times by each 

operator, on each pair of phantoms.

After sectioning, each phantom slice was placed on a transparency and digitized via flatbed 

scanner with a resolution of 600 dots per inch (Fig 1D). The 2D positions of the color-coded 

fiducials on each slice were recorded. The mean squared errors (MSE) were then computed 

between the observed fiducial coordinates and all entries of the precomputed look-up table. 

The lowest MSE corresponded to the best estimate of the slice’s true 3D position within the 

specimen. The depths and angles of each slice were compared to the ‘ideal’ slices typically 
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assumed, i.e. evenly spaced and parallel to the MR image plane. The difference between 

observed and ideal slice angle, depth, and thickness were recorded for each sample.

In total, the seven operators sectioned four pairs of phantoms each: 3 unique pairs assigned 

from the 6 available prostate models, and 1 repeated pair. This resulted in a total of 56 

phantoms (28 matched-pairs), each sliced 5-11 times. Wilcoxon signed-rank tests were 

performed to evaluate differences between the mold-sliced and manually sliced phantom 

populations (alpha = 0.05). As a measure of intraoperator variability, the difference in slice 

position and angle for the repeated phantoms is also reported.

B. Mold Registration Accuracy With Ex Vivo Specimens

In an IRB-approved and biosafety-approved protocol, we measured the MR-WM registration 

error of 10 prostates sliced within patient-specific molds. Prior to radical prostatectomy each 

patient received mpMRI, which was used to design and 3D-print a prostate mold. After 

surgery, each prostate specimen was trimmed and placed within the mold (Fig 2A). The 

mold was locked into a 3D-printed frame that centered it within a cylindrical container. The 

cylinder was then filled with a perfluorocarbon solution (Fomblin, Solvay S.A., Belgium) 

chosen to match the magnetic susceptibility of tissue while minimizing background signal 

(Fig 2B) [12], [28]. The cylinder was sealed and placed inside a 15-channel knee coil, and it 

was positioned within a whole-body 3T MRI scanner (Prisma, Siemens, Erlangen Germany).

Ex vivo mpMRI was performed [29], including a highresolution T2-weighted sequence with 

field of view 75×75 mm2, in-plane resolution 0.29×0.29 mm2, slice thickness 1.5 mm, and 3 

averages over 8 minutes. An external fiducial, containing a patterned cartridge with 2% 

agarose gel (Fig 2C-2D), was placed within the mold and visualized during ex vivo MRI. 

This fiducial indicated the alignment of the specimen with the intended WM slide locations. 

After scanning, the prostate was sliced within the mold, sampling every third ex vivo MR 

image plane. The mean time required for ex vivo MRI, including specimen preparation and 

transportation, was 116 minutes.

A variation of the registration methodology described by Fei et al. [30] was performed in 

order to maximize mutual information between the in vivo (V1) and ex vivo (VE) T2-

weighted MR volumes. The formula for MI is

MI(R, F) = ∑ pRF(r, f ) log
pRF(r, f )

pR(r) ⋅ pF( f ) (1)

where pRF is the joint probability, pR is the marginal probability of the ex vivo reference 

volume (VE), and pF is the marginal probability of the in vivo floating volume (VI). These 

were estimated from the normalized joint and marginal intensity histograms, respectively.

Both VI and VE were resampled to have an isotropic 3D resolution of 0.375 mm, i.e. ¼ of 

the 1.5 mm through-plane resolution. T2 intensity values within the prostate were 

normalized, and a baseline alignment was performed with reference to the fiducial cartridge. 
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Then, a standard matrix was used to rigidly transform VI in order to maximize MI, rotating 

θx, θy, and θz in 1° increments and translating Δx, Δy, and Δz in 0.375 mm increments.

First, MI was measured for a broad range (±20°, ±6 mm) of coarsely-sampled 

transformations in 3 dimensions (θxΔyΔz). After performing the transform that maximized 

MI, this was repeated for 2 additional dimension sets (θvΔxΔz and θzΔxΔy). This method 

broadly sampled the space while keeping computation time reasonable, and reliably 

transformed VI into rough alignment with VE.

Second, gradient descent optimization was performed along all 6 dimensions with fixed step 

size (1 voxel translation and 1 degree rotation). The convergence criterion was arrival at a 

local minimum, for which further changes along any dimension would decrease MI. The 

combination of rotations and translations observed to maximize MI between VI and VE were 

used to define the transformation matrix T0

VReg = T0 ∗ V I (2)

such that any point in VI could be transformed to VE coordinates through matrix 

multiplication with T0. Application of this transform to every voxel in VI resulted in the 

postregistered in vivo volume VReg. In order to evaluate the accuracy of T0, a set of 

corresponding anatomic landmarks LVReg-VE was identified on VReg and VE. The LVReg-VE 

landmark centroids were recorded in 3D, and their coordinates were compared.

The VI to VE registration runtime was approximately 20 minutes. Once the in vivo and ex 
vivo volumes were aligned, the MR images most closely matching each WM prostatectomy 

slide were determined by consensus between a radiologist and two imaging scientists. Then, 

for every set of matched images, a second set of corresponding anatomic landmarks, 

LVReg-WM, was identified on VReg and WM. Between 1 and 4 (mean 3.6) anatomic 

landmarks were chosen for each pair of images, and the transform inverse to T0 was used to 

determine the VReg landmark coordinates in VI.

In order to register WM to MRI, a previously described nonrigid registration procedure was 

performed [3], [26]. First, each whole-mount specimen was contoured (CWM), encapsulating 

only prostatic tissue. Second, corresponding 2D MRI prostate contours (CMR) were traced 

on the MR image planes corresponding each WM slide. Third, in-plane rotational 

misalignment was corrected by rotating the WM slide until the mean distance between CMR 

and CWM was minimized. Fourth, lines were generated orthogonal to the slope of CMR at 

evenly spaced intervals. Corresponding control points on CWM were then assigned by 

computing the intersection of these lines with CWM. Fifth, in order to compensate for 

nonrigid gland deformation, these control points were used to perform a thin-plate spline 

transformation as described by Fei et. al [31]. Lastly, the WM slide was projected into 3D, 

now fully registered to MRI. The WM to MRI registration runtime was approximately 25 

minutes.

This procedure was performed twice per specimen, to nonrigidly register: 1) WM to VI and 

2) WM to VReg. The WM to VI registration (Fig 3) was performed to characterize TRE 

Priester et al. Page 7

IEEE Trans Biomed Eng. Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



when blinded to ex vivo images, naively assuming that the mold had correctly aligned the 

surgical specimen with VI, i.e. assuming that each slide had been acquired from the planned 

location. The WM landmarks could then be compared to the corresponding MRI landmark 

coordinates. The WM to VReg registration (Fig 4) was used to characterize the LVReg-WM 

TRE when ex vivo information was available, i.e. when WM images were registered with 

the correct image slice, as determined using ex vivo MRI. Inter- and intra-patient mean TRE 

was then calculated, and in-plane TREs were compared using a Wilcoxon signed-rank test.

III. Results

A. Comparison of Mold-Assisted Slicing Vs. Conventional Slicing in Tissue-Mimicking 
Phantoms

Angle, depth, and 3D registration errors for the matchedpair phantom study are reported in 

Table 1. For the N=21 (non-repeated) pairs of sliced phantoms, the mean slice depth was 

farther from ideal (evenly-spaced from apex to base) for hand-sliced specimens than for 

mold-sliced specimens (2.1 vs 1.0 mm depth error, p<0.01). The mean angular misalignment 

about the LR anatomic axis was greater in hand-sliced specimens (10.7 vs. 4.5 degrees, 

p<0.01). Mean registration error was 4.1 mm in hand-sliced specimens, much larger than the 

1.9 mm mean error in mold-sliced specimens (p<0.01). Similar trends were observed in the 

N=7 matched pairs of repeat-sliced specimens, though the study was underpowered for these 

comparisons and they did not reach significance.

B. Mold Registration Accuracy with Ex Vivo Specimens

The registration parameters associated with T0 (the transform between VI and VE) are 

reported in Table 2. Mean (absolute value) rotations of 14°, 4°, and 6° were performed about 

the LR, AP, and IS axis respectively. Rotation was followed by a mean 3D translation of 2.7 

mm. Using the N=50 pairs of 3D anatomic landmarks that comprised LVReg-VE, the mean 

TRE was 4.5 mm for the baseline mold alignment and 1.7 mm after registration via T0.

The in vivo prostate segmentation, with which the mold cavity was generated, was compared 

to a segmentation of the surgical specimen on ex vivo MRI. A mean volume reduction of 

4.6% occurred relative to the in vivo segmentation, less shrinkage than the 10% reported by 

Orczyk et. al [8]. After registration via T0, on average 10.4% (±3.3%) of the excised 

specimen’s volume was considered extraprostatic relative to the in vivo segmentation. 

Conversely, 14.7% (±6.1%) of the tissue considered prostatic on in vivo imaging was not 

present after resection. Extraprostatic tissue was most commonly found on the gland’s 

lateral and posterior aspects, especially towards the prostate base. Relative to the 

preoperative segmentation, tissue was commonly missing from the base and far apex, 

particularly the anterior base adjacent to the bladder neck. Figure 5 shows post-registration 

contour overlays from an exemplary case.

TREs for WM to MRI registration are reported in Table 3, based on N = 148 pairs of 

anatomic landmarks that comprised LVReg-WM. For the “mold-only” WM to VI registration, 

which was blinded to the specimen misalignment observed on ex vivo MRI, the mean TRE 

was 3.3 mm in-plane, 2.9 mm out-of-plane, and 4.8 mm in 3D. After ex vivo MRI was used 
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to compensate for angular misalignment and the through-plane error component, the in-

plane TRE was 2.2 mm, a significant improvement (P = 0.002).

IV. Discussion

The two studies described herein present a systematic evaluation of 3D-printed prostate 

molds for MR-pathology correlation. The phantom study enabled a controlled, repeatable 

comparison between specimens sliced manually and specimens sliced with patient-specific 

molds. The results indicate that molds improve registration accuracy relative to manual 

slicing techniques.

The clearest benefit appears be regulation of the LR-axis slicing angle, which deviated from 

the angle of MR images by an average of 4.5 degrees using molds. By contrast, manually 

sliced specimens had a mean LR-axis rotational misalignment of over 10 degrees, and some 

cases exceeded 20 degrees. This is likely due to the practice of manually slicing prostate 

specimens posterior-side down, whereas MR images are never exactly perpendicular to the 

gland’s posterior face. Interestingly, rotational about the AP axis was not reduced by use of a 

mold. This may be because, within a mold, the sectioning knife cuts down from right to left, 

exerting torque about the AP axis and increasing this aspect of rotational misalignment. 

Conversely, when sliced by hand, the sectioning knife cuts down from anterior to posterior, 

exerting torque about the LR axis.

Perhaps the most meaningful metric was registration accuracy, the consequence of both 

rotation and translation errors. The mean TRE of mold-sliced phantoms was under 2 mm, 

less than half that of manually sliced specimens. In addition to improving registration 

accuracy, patient-specific molds helped improve consistency and repeatability; the standard 

deviation for LR-rotation error, depth error, and registration error for mold-sliced specimens 

was less than half that of manually sliced specimens. Since patient-specific molds hold the 

prostate in a fixed position and regulate slice spacing, it stands to reason that they would 

reduce interspecimen and inter-operator variability. Even intra-operator variability appeared 

to diminish through use of patient-specific molds, though the study was not adequately 

powered to prove the significance these measures (N = 7).

The phantom study showed that registrations can be very accurate, if the cavity of a prostate 

mold is a good representation of the excised specimen. However, as observed in the ex vivo 
tissue study, differences between in vivo prostate segmentations and excised specimens can 

lead to larger registration errors. When registering VI to VE, the matrix T0 was necessary to 

transform in vivo data from its baseline position, correcting for mold misalignment. The 

mean 3D translation associated with T0 was 2.7 mm, a relatively minor adjustment. 

However, substantial rotations—sometimes over 30 degrees—were necessary to optimally 

register VI to VE. This indicates that the mold was not orienting specimens correctly with in 
vivo MRI, contributing to a mean 3D TRE of 4.5 mm for the baseline mold alignment. Ex 
vivo MRI was able to correct for this misalignment, as evidenced by the reduction of TRE to 

1.7 mm after MI-based registration was performed.
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Unlike the phantom study, where LR-axis misalignment was minimal, LR rotation error 

between ex vivo and in vivo volumes was 14 degrees on average. This discrepancy can 

largely be ascribed to the presence of extraprostatic tissue around the posterior base in 

combination with missing tissue towards the anterior base, together causing the ex vivo 
specimen to rotate relative to in vivo imaging. Conversely, rotations about the AP axis were 

very similar to phantom study predictions. The prostate’s bilateral symmetry ensured that 

discrepancies between in vivo segmentations and ex vivo specimens affected both 

hemispheres equally, resulting in very little AP and IS misalignment on average.

After the “mold-only” nonrigid registration blinded to the ex vivo scan, the mean TRE 

between whole mount and in vivo MRI was 3.3 mm in the axial plane and 4.8 mm in 3D. 

These registration errors are much higher than the TRE measured in the phantom study. 

However, since landmark identification is inherently subjective, some part of the registration 

error is likely attributable to fiducial localization variability. When registration was 

performed with Vreg instead of VI, the 2D TRE was significantly reduced to 2.2 mm, which 

is sufficient for most clinical purposes. Thus, the addition of ex vivo MRI substantially 

improved registration accuracy, though it necessitated more personnel and higher costs. It is 

noteworthy that TRE appeared to improve with time, suggesting that early cases were 

subject to operator error and mean accuracy may be higher for future work.

To our knowledge, this is the first published study on moldsliced vs. hand-sliced phantoms, 

and the first report of mold TRE with and without ex vivo MRI. Unlike most ex vivo 
prostate studies, we have integrated with our institution’s clinical workflow and processed 

specimens prior to formalin fixation. The 2.2 mm TRE using molds in combination with ex 
vivo MRI is consistent with the 1-4 mm error previously reported for ex vivo imaging 

studies [12], [19], [20], [25]. Only Gibson et. al and Elen et. al. reported substantially better 

accuracy (with mean TRE of 0.7 mm and 0.9 respectively), which they were able to achieve 

by registering with the aid of internal landmarks. In the absence of ex vivo MRI we observed 

TRE to be relatively large, a fact that should be acknowledged in any study relying 

exclusively on 3D-printed molds of this type.

In addition to the influence of landmark localization error, there are several limitations to the 

work presented here. First, for the phantom study, the agarose was an imperfect replica of 

prostate tissue mechanics and was more easily sliced than actual prostate specimens. 

Second, in our analysis of phantom slice location and orientation, each slice was assumed to 

be planar. Any curvature would have perturbed fiducial vector positions, resulting in a 

conformation that was not present in the lookup table of possible slice planes. This effect 

was present but fairly minimal, since the mean difference between observed fiducial 

coordinates and those of the matched slice planes was less than 0.2 mm. Third, key 

differences exist between in vivo prostate segmentations and ex vivo specimens, an effect 

that was observed in the ex vivo tissue study but not accounted for in the phantom study.

Fourth, for the ex vivo tissue study, the in vivo to ex vivo transformation was limited by its 

constraint of rigidity. For 2 of the 10 cases, the in vivo MR and ex vivo MR prostate shapes 

were not well matched and TRE was nearly double the 1.7 mm average. Since the 

comparison of landmark positions depended on an accurate in vivo to ex vivo registration, 
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changes in prostate shape likely resulted in an inflation of the measured WM-to-MRI TRE 

as well. Fifth, during landmark annotation it was assumed that each whole mount slide 

corresponded to a single ex vivo image. However, the throughplane MRI resolution was 1.5 

mm, and nominally 2D error measures were unavoidably influenced by a through-plane 

uncertainty of this magnitude. Sixth, landmarks were identified on Vreg instead of VI, an 

arrangement that can result in bias but was unavoidable due to large rotational 

misalignments between VE and VI. However, the anatomic correspondence of 3D landmarks 

was reviewed and verified after performing an inverse transformation to VI.

Several improvements can be made to the mold’s design in order to address its limitations 

and further improve registration accuracy. First, systematic differences between the in vivo 
prostate segmentation and ex vivo specimen should be compiled, quantified, and used to 

adjust mold cavities. For example, since tissue is usually missing from the bladder neck as a 

consequence of resection, the mold’s cavity can be adjusted to hold the specimen more 

snugly in that region. Conversely, where excess tissue is usually present in the posterior and 

lateral base, the mold’s cavity can be enlarged to confer the best mean alignment accuracy. 

Second, in order to avoid displacement during slicing of the specimen, it would be 

advantageous if the mold could be adjustably tightened, holding the gland firmly in place 

even if the cavity was oversized. Third, in order to avoid rotational error due to torque 

applied by the sectioning knife, it may be preferable to obtain multiple slices simultaneously. 

A multi-bladed device may serve this purpose [26], if gland compression can be minimized 

during slicing. Lastly, Elen et. al. showed that mold-based registration can be substantially 

improved by constraining mold alignment with an intubated prostatic urethra [25], an 

approach we intend to investigate. It is likely that, with these improvements, molds may be 

used to facilitate accurate registration without the time and expense necessitated by ex vivo 
MRI.

The phantoms, molds, and registration methods described herein have many potential 

applications for future work. The tissue-mimicking prostate phantoms enabled a repeatable, 

objective measure of tissue slice quality and uniformity, and can therefore serve as a tool to 

evaluate tissue-processing methods and operator skill. Furthermore, the ex vivo registration 

methodology presented here can be employed to aid research efforts including the 

refinement of prostate cancer detection and the development of new prostate MRI 

sequences. Since ex vivo scanning within a mold enabled measurement of discrepancies 

between pre-and post-operative specimen geometry, this procedure could be used to improve 

mold design, update MRI contouring technique, assess surgeon skill, and even evaluate 

margins.

Since 3D printers can also produce anatomic models based on 3D ultrasound or computed 

tomography scans [32]–[35], it is likely that these modalities could be used to generate 

patient-specific molds. Once the fiducial design and ex vivo scanning procedure are 

amended to accommodate another imaging modality, a similar registration procedure could 

be performed. Patient-specific molds theoretically have the potential to facilitate highly 

accurate registrations between pathology and any medical imaging modality, with numerous 

applications including resected kidney, heart, liver, and brain.
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V. Conclusions

We have demonstrated in a phantom model that patient-specific molds reduce MR-WM 

registration error relative to conventional sectioning. However, ex vivo specimens tended to 

have extraprostatic tissue in the posterior base and missing prostatic tissue from the anterior 

base, resulting in rotational misalignment within the molds. The best registrations were 

achieved only after specimen misalignment was corrected using ex vivo MRI.

3D printed molds have the potential to improve prostate MRI-pathology correlations, and 

this approach may be applicable to other organs and imaging modalities. The accurate 

registration that molds help facilitate can be used to improve prostate MRI and contouring 

techniques. As mold design improves, its value will continue to grow as a registration 

platform between MRI and pathology.
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Fig. 1. 
(A) Computer aided design of casting template, (B) 3D printed casting template for 

manufacture of tissue mimicking prostate phantoms with implanted fiducials, C) a digital 

slice plane from the phantom model showing color-coded fiducials, and D) a flatbed scan of 

a phantom with inked fiducials visible.
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Fig. 2. 
Setup for ex vivo scanning of a prostate specimen, including A) an inked prostate gland 

within a patient-specific mold, B) the specimen, mold, and frame immersed in 

perfluorocarbon solution, C) design of the fiducial cartridge with the agar-filled region 

shaded blue, and D) the fiducial cartridge as seen on sagittal T2-weighted MRI.
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Fig. 3. 
A) nonrigid registration of WM with in vivo MRI while blinded to ex vivo MRI results. B) 

In vivo MR image corresponding to true WM slide location, as determined via ex vivo 
registration. C) sagittal view of in vivo MRI, with the projected slice planes and fiducials 

from 4A and 4B, showing rotational misalignment. Prostate contours (blue), image planes 

(green), WM landmarks (orange circles), and MRI landmarks (red diamonds) are 

superimposed.
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Fig. 4. 
A) Nonrigid registration of WM with ex vivo MRI. B) Rigid intensity-based registration of 

in vivo MRI to ex vivo MRI. C) Ex vivo MRI. Prostate contours (blue), 15×15 mm gridlines 

(red), WM landmarks (orange circles), and MRI landmarks (red diamonds) are 

superimposed.
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Figure 5: 
Post-registration 3D surfaces in A) axial, B) coronal, and C) sagittal perspective from a 

single case (no. 6) where 7% of in vivo tissue (blue) was missing and 13.6% of ex vivo 
tissue (yellow) was considered extraprostatic. Overlap is shown in green.
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Table 1:

Mean ± SD between mold-sliced and hand-sliced prostate phantoms

Phantom Error Mean ± SD
(N = 21)

Mold-
Sliced

Hand-
Sliced P-Value

LR-Axis Angle Error (°) 4.5 ± 2.9 10.7 ± 6.7 0.001

AP-Axis Angle Error (°) 3.9 ± 3.6 3.7 ± 4.2 0.9

Depth Error (mm) 1.0 ± 0.4 2.1 ± 1.4 0.002

3D Registration Error (mm) 1.9 ± 0.6 4.1 ± 1.3 <0.001

Repeat-Phantom Mean
Difference ± SD (N = 7)

Mold-
Sliced

Hand-
Sliced P-Value

LR-Axis Angle (°) 5.3 ± 5.3 10.6 ± 5.6 0.22

AP-Axis Angle (°) 3.1 ± 2.3 4.8 ± 4.5 0.46

Depth Error (mm) 1.2 ± 0.5 1.8 ± 0.7 0.29
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Table 3:

In Vivo MRI to WM mean target registration errors for LReg-WM ± standard deviation (SD), with all measures 

reported in mm.

WM to
VReg

WM to VI (Blinded to
Ex Vivo)

Case No. In-Plane In-Plane Through-
Plane (abs) 3D

1 2.5 ± 1.3 5.4 ± 2.5 4.6 ± 3.2 7.5 ± 3.2

2 3.0 ± 1.4 5.1 ± 1.7 3.4 ± 2.0 6.4 ± 1.7

3 2.6 ± 1.5 3.1 ± 1.2 3.5 ± 2.1 4.8 ± 2.0

4 1.6 ± 1.8 2.6 ± 1.6 3.0 ± 0.4 4.1 ± 1.3

5 2.2 ± 1.3 3.7 ± 1.9 2.9 ± 2.0 5.0 ± 2.1

6 2.3 ± 1.3 3.2 ± 1.2 3.7 ± 1.9 5.2 ± 1.3

7 1.7 ± 1.3 2.6 ± 1.5 2.1 ± 1.6 3.5 ± 1.6

8 2.4 ± 1.3 4.0 ± 1.7 2.1 ± 1.5 4.7 ± 1.7

9 2.0 ± 1.2 2.0 ± 1.2 1.2 ± 1.0 2.6 ± 1.2

10 1.9 ± 1.2 2.4 ± 1.4 2.9 ± 1.5 3.9 ± 1.7

Mean ± SDoM* 2.2 ± 0.4 3.3 ± 0.5 2.9 ± 1.7 4.8 ± 1.8

*
SDoM is the Standard Deviation of the Mean
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