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Abstract
Purpose—To develop and evaluate image registration methodology for automated re-
identification of tumor-suspicious foci from pre-procedural MR exams during MR-guided
transperineal prostate core biopsy.

Materials and Methods—A hierarchical approach for automated registration between planning
and intra-procedural T2-weighted prostate MRI was developed and evaluated on the images
acquired during 10 consecutive MR-guided biopsies. Registration accuracy was quantified at
image-based landmarks and by evaluating spatial overlap for the manually segmented prostate and
sub-structures. Registration reliability was evaluated by simulating initial mis-registration and
analyzing the convergence behavior. Registration precision was characterized at the planned
biopsy targets.

Results—The total computation time was compatible with a clinical setting, being at most 2
minutes. Deformable registration led to a significant improvement in spatial overlap of the
prostate and peripheral zone contours compared to both rigid and affine registration. Average in-
slice landmark registration error was 1.3±0.5 mm. Experiments simulating initial mis-registration
resulted in an estimated average capture range of 6 mm and an average in-slice registration
precision of ±0.3 mm.

Conclusion—Our registration approach requires minimum user interaction and is compatible
with the time constraints of our interventional clinical workflow. The initial evaluation shows
acceptable accuracy, reliability and consistency of the method.
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INTRODUCTION
Magnetic Resonance Imaging (MRI) plays an important role in the detection and staging of
prostate cancer (PCa). There is increasing evidence of significantly improved detection (1,2)
and characterization of PCa (3) through imaging at 3 Tesla (3T) and the use of a
combination of various multi-parametric MRI (mpMRI) techniques in addition to the T2-
weighted (T2W) MRI. Such mpMRI techniques now include diffusion-weighted imaging
(DWI), dynamic contrast-enhanced MRI (DCE) and magnetic resonance spectroscopy
imaging (MRSI). The serum prostate-specific antigen (PSA) is a biomarker commonly used
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for prostate cancer screening, but unfortunately it has high rate of false-positives, and can
lead to over-diagnosis and over-treatment (4). Recent publications have raised concerns over
its use in screening (5). As always, histological analysis of core biopsy sample is required
for the accurate diagnosis of PCa and subsequent Gleason grading. Traditional diagnostic
biopsy approaches use sextant/octant systematic sampling using an 18-gauge core biopsy
needle, under the guidance of transrectal ultrasound (TRUS). This approach is limited and
can miss cancer in up to 30% of cases (6). Targeted biopsy using ultrasound imaging alone
is not reliable, since up to 50% of PCa lesions are isoechoic to non-cancerous tissue (7).
Hence, there is a population of men with rising PSA levels in spite of repeated negative
sextant-based TRUS-guided biopsies. It is difficult to correctly diagnose such patients,
which can lead to under-treatment and reduced survival, or over-treatment and unnecessary
negative effects (stress and anxiety) on the patient quality of life.

This unsatisfactory situation has led to the development of improved image guided biopsy
approaches that use mpMRI for detecting suspicious lesions or tumor suspected regions
(TSR) and targeting to improve the accuracy of prostate cancer detection. Unfortunately,
both the acquisition and post-processing of mpMRI are time-consuming and complex,
requiring specialized expertise and equipment. As a result, targeted prostate biopsies
typically use mpMRI processed in advance of the procedure to identify TSRs (8,9). At the
time of biopsy, a fast, but lower resolution imaging modality can be used to visualize the
prostate anatomy and biopsy needle. Both MRI (8-11) and TRUS (12,13) have been
explored as imaging methods for such intra-procedural visualization. Accurate targeting of
TSRs requires spatial correlation of the pre-procedural MRI with the intra-procedural
anatomical imaging, which can be particularly complicated when an endorectal coil (ERC)
is used during the pre-procedural imaging, but not during the biopsy procedure (14,15). This
is due to the inevitable deformations induced by the inflated coil, which can be more
extreme than standard TRUS deformation. To the best of our knowledge, even the most
recent studies use manual alignment or visual assessment to recover the locations of the
suspected areas during MR-guided biopsy (8,9). Such operator-centric approaches can be
time-consuming and require specialized training in interpretation of prostate MRI, leading to
increased complexity of the procedure, inter-rater variability and difficulties in accounting
for prostate deformation. The goal of this study was to develop and evaluate a registration
pipeline for automated re-identification of tumor-suspicious foci during MR-guided
transperineal prostate core biopsy.

MATERIALS AND METHODS
Patient Population and MRI Acquisition

This study was performed using MR images collected from 10 consecutive patients who
underwent MR-guided transperineal prostate biopsy as part of an on-going prospective
clinical trial. All patients gave informed consent. The study was HIPPA compliant and
approved by the local institutional review board. The choice of the transperineal over the
more common transrectal approach was based on technical advantages, ease of access and
the clinical considerations that include lower risk of infection, improved core coverage of
the peripheral zone and better tolerance by the patients. The enrollment criteria included
men with high clinical suspicion of prostate cancer (palpable abnormality and/or rising
PSA), with at least 2 negative TRUS biopsies or inability to access the rectum by TRUS
usually due to prior rectal surgery such as an abdomino-perineal resection.

The pre-procedural mpMRI imaging protocol included a T1-weighted (T1W), T2W, DWI
and DCE series acquired with the patient in the supine position on a 3T GE SignaHdx
scanner (GE Medical Systems, Milwakee, WI). In 8 out of 10 patients a combination of
ERC (MEDRAD, Warrendale, PA) with body and surface coils was used. In 2 patients the
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ERC was not used due to the patient’s rectal condition. The T2W series being registered was
acquired using a 2D fast recovery fast spin echo (FRFSE) sequence with the following
parameters: repetition time (TR) 3083 ms, echo time (TE) 106 ms, field of view (FOV) 160
mm, matrix 384×224, slice thickness 3 mm, pixel spacing 0.3 mm. The individual MR series
were reviewed prior to the procedure by a radiologist to identify the TSR foci.

The MR-guided biopsy procedure was performed in a 70 cm bore 3T Siemens Magnetom
Verio scanner (Siemens Medical Systems, Erlangen, Germany). The patient was placed in
the lithotomy position using custom MR-compatible stirrups. T2W axial images of the
prostate gland were obtained using a combination of Body Matrix (anteriorly placed) and
Spine surface (posteriorly located) coil elements (Siemens Medical Systems, Erlangen,
Germany), using turbo spin echo (TSE) sequence (TR/TE 5250/100 ms, FOV 140 mm,
matrix 320×224, slice thickness 3 mm, pixel spacing 0.4 mm).

Registration Methodology
All image preprocessing and registration steps were performed within the 3D Slicer open
source environment1. Approximate contours of the prostate gland were manually prepared
in each slice of both the diagnostic and intra-procedural T2W images. Signal intensity
inhomogeneity was corrected using the N4ITK method (16). The initial transformation was
computed as the offset in the coordinates of the segmented gland centroids refined by a
sparse search of the minimum value of the negated mutual information (MI) metric in the
small parameter range of the initial transformation. The resulting transformation was used to
initialize the automatic hierarchical registration. At each level of this hierarchy, we used an
increasingly flexible transformation model that was initialized with the final transformation
computed at the previous step, starting from 6 degrees of freedom (DOF) rigid
transformation up to free form B-splines transformation (17) parameterized by 3×3×3
control points uniformly spaced over the bounding box that covers the union of the binary
masks of the prostate glands after the initial alignment.

The MI metric was calculated over the region defined by the binary masks of the prostate
glands. Optimization was achieved using the gradient descent optimizer for all the
transformation hierarchy levels except the B-spline transformation. The B-spline registration
used Limited memory Broyden Fletcher Goldfarb Shannon optimization with simple bounds
(L-BFGS-B) (18). The registration approach was implemented as a module within 3D Slicer
software by introducing application-specific modifications described above to the 3D Slicer
BRAINSFit module (19). Identical parameters were used in all of the experiments.

Performance Evaluation Methodology
Accuracy—Our accuracy evaluation included two components: 1) Landmark Registration
Error (LRE) estimated at the image features that can be identified in both images and 2)
overlap of the prostate gland and its sub-regions between the intra-procedural and registered
pre-procedural images. Image landmarks were defined by the naturally occurring image-
specific features of the prostate (e.g., calcifications and BPH nodules). LRE after rigid,
affine and B-spline steps of the registration was calculated as the distance between the
corresponding points after applying the respective transformations recovered by the
registration.

Spatial overlap between the contoured structures was evaluated using Dice similarity
coefficient (DSC) (20). The total gland (TG), central gland (CG) and peripheral zone (PZ) of
the prostate were contoured in the pre- and intra-procedural T2W MRI by two abdominal

1http://slicer.orgthe
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radiologists (F.F. and K.T.) each with over 10 years of experience in prostate MRI
interpretation. The masks defined for the pre-procedural scans were resampled to the voxel
grid of the intra-procedural images using the transformations produced by the rigid, affine
and B-spline registration steps. DSC between the registered pre-procedural and intra-
procedural masks was calculated, and the average DSC value over two raters was reported
for TG, CG and PZ. Two-sided paired t-test on the logit-transformed DSC values (20) was
used to establish statistical significance.

Robustness and precision—Experimental estimation of the registration capture range
was performed by perturbing the initialization transformation. A series of random
perturbation vectors was generated by uniformly sampling the vector direction over unit
sphere, and uniform sampling of the magnitude between 0 and 10 mm. A total of 500
perturbed initial transformations were generated for each of the 10 registration cases. The
registration procedure was initialized with each of these transformations. Successful
registration experiments were defined as those that converged and resulted in high overlap
between the registered glands as measured by DSC on a per-case basis. The B-spline
component of registration was deemed successful when the maximum LRE was less than the
largest voxel dimension (3 mm for our data). Robustness of the registration to the
perturbations in the initial orientation was evaluated in a separate experiment by introducing
a random perturbations of up to ±10° in yaw, roll and pitch (200 experiments per rotation
angle for each of the analyzed datasets).

The metrics used to summarize registration reliability included success rate (proportion of
the successful registration experiments), capture range (maximum magnitude of the initial
misalignment that did not result in registration failure), and non-convergence rate
(proportion of the experiments where optimization did not converge). Registration precision
was estimated for the locations of the warped biopsy targets. Registration consistency was
summarized with the maximum Inter-quartile Range (IQR) for the X and Y coordinates of
these mapped biopsy targets. We were mostly concerned with the axial in-slice consistency
of registration (X and Y coordinates of the mapped biopsy location), since the typical biopsy
core is approximately 10 mm in length.

RESULTS
Feasibility and accuracy

We registered data sets collected during 10 consecutive MR-guided prostate biopsy
procedures. Manual contouring of the prostate gland used for registration initialization was
prepared within 2-3 minutes using the Editor module of 3D Slicer. Registration convergence
was achieved in all 10 cases. The results were visually inspected by the interventional
radiologist performing the MRI-guided prostate biopsy (K.T., over 10 years experience in
interventional MRI) and found to be satisfactory based on the alignment of the image
features after the registration, see Fig.1. The average computation time was 70 sec (range 42
to 123 sec). The B-spline registration step accounted on average for 42 (maximum 88) sec.
During the first 5 cases, registration was done in a “shadow” mode (registration results were
not used for biopsy guidance) for the initial evaluation of the approach. During the last 5
cases, registration was completed and used during the course of the procedure.

Quantitative evaluation of the registration accuracy used a total of 34 landmarks identified
for the registered image pairs (between 3 and 4 landmarks per patient). Mean±SD
(maximum) LRE over all the landmarks in the 10 patients was 1.6±0.8 (4.6) mm, 1.4±0.7
(2.9) mm and 1.3±0.5 (2.3) mm after the rigid, affine and B-spline registration stages,
respectively. Statistically significant reduction in the LRE was observed between the rigid
and B-spline registration results (p<0.05). Evaluation of the improvement in the overlap for
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the manually contoured prostate regions (TG, CG and PZ) augmented our LRE-based
analysis. Statistically significant improvement in DSC for TG and PZ was observed (rigid vs
affine and affine vs B-spline) based on two-sided paired t-test (p<0.05), see Table 1.

Robustness and precision
A total of 500 randomly perturbed initial transformation configurations were generated and
applied to each of the registration cases resulting in the total of 5000 registration
experiments over 10 patients. Rigid and affine steps of the registration hierarchy converged
successfully in all of the registration experiments. Non-convergence rate of the B-spline
registration component across the registration experiments for all the patients was at most
4%. Representative plots that summarize the registration results in terms of LRE and DSC as
a function of the initial misalignment magnitude for one of the patients are shown in Fig. 2.
In all of the cases we observed that most of the registration experiments resulted in the DSC
values for the total gland grouped around some case-specific maximum value, which was
selected to separate successful instances of affine registration. Capture range varied from 3.4
to 8.8 mm. All of the experiments evaluating the robustness of the method to rotational
perturbations resulted in successful registration. Between 2 and 5 suspected cancer locations
were selected for each of the patients (total of 36 targets) during biopsy planning. Maximum
in-slice IQRs calculated at these biopsy locations for each patient were at most 2.6 mm (see
Table 3).

DISCUSSION
This study of 3D image data sets demonstrates that a fast non-rigid intra-procedural
registration leads to statistically significant improvement in the overlap for both the total
gland and peripheral zone of the prostate, as compared to rigid/affine registration. This
observation is consistent with the previously published results (20) performed from 1.5T to
0.5T exams. We also observed statistically significant reduction of the LRE between the
rigid and B-spline registration, with deformable registration reducing the LRE by more than
2 mm in some of the cases. Our experiments in estimating capture range of the registration
led us to conclude that on average the registration method can tolerate translational
variability in the initialization of 6 mm in magnitude and perturbations in rotation of 10°.
Based on our simulations, over- or under-segmenting the prostate gland in our patient
population by up to 3 slices could lead to a shift of the center of mass at most by 1.6 mm,
which is within the capture range for all of the patients. The registration results are
consistent, as the perturbations of the initialization do not lead to large variation in the
locations of the mapped biopsy targets.

A commonly used approach to prostate MRI registration relies on finite element method
(FEM) (20,21) instead of the image intensities. Since the FEM-based registration approaches
are driven by the displacements of organ surfaces, intensity-based methods may enable more
accurate registration by aligning features inside the gland, since each internal structure
contributes to the calculation of the image similarity metric. FEM-based methods require
accurate parameterization of the biomechanical properties and boundary conditions. Existing
studies rely on population-averaged or experimental estimation of the prostate material
properties (20,21). Benign and malignant neoplasms common in the prostates of such
patients, as well as prior radiation treatment, can cause high variability in tissue properties,
leading to potential errors (22). Finally, segmentation and matching of the segmentation
surfaces introduces another source of error (23).

Our registration approach relies on maximization of mutual information similarity metric to
recover the alignment between the two MR studies. In the past, mutual information has been
successfully applied to a variety of image registration problems, including registration of
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prostate MRI (24,25). Unlike the earlier studies at 1.5T and 0.5T of image-based registration
for prostate MRI, this current study was based on imaging obtained using 3T magnets from
2 different vendors, was applied during the biopsy to assist in needle guidance during the
procedure, and paid attention to several aspects that are important for interventional
applications, such as robustness, consistency and precision.

The presented registration workflow has several limitations. Currently, manual definition of
the approximate prostate gland contour is required, which can potentially be alleviated by
using a robust automated segmentation technique. The computation time of ~2 minutes is
certainly more than acceptable in our clinical workflows but may not be suitable for all
interventional applications. The processing time may be further reduced by using a
parallelized implementation, as all the results we reported used single CPU for the
computation.

The results of this early study of the proposed registration pipeline are very promising.
Compared to the approaches suggested previously for integrating mpMRI into the process of
target selection during MRI-guided biopsy (8,9), our registration-based methodology is
highly automated, can be applied by a non-clinical operator and accounts for prostate
deformation. We believe the software technology we described can be easily adopted and
evaluated by the interested research groups involved in MRI-guided interventions, since it
does not require any specialized hardware or commercial components, and is based on a
well-documented portable platform of 3D Slicer and Insight Toolkit (26,27). Following the
principles of open science (28), we are making the software and datasets used in this study
publicly available23.

In conclusion, we presented an automated approach to non-rigid registration of 3T prostate
MRI that facilitates the use of diagnostic images for re-identification of TSRs and targeting
needle insertions during 3T MRI-guided prostate biopsy. Compared to manual approaches,
our technology helps reduce the time and expertise required for mapping biopsy targets,
while increasing reproducibility and accuracy. Our evaluation of reliability and consistency
of the registration pipeline showed that it is tolerant to initialization errors, and provides
mapping of the suspicious foci with the in-plane precision of one pixel on average.
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Figure 1.
Registration results for patients 2 (top row) and 5 (bottom row). Images on the left (a and c)
show an intra-procedural axial T2W image, images on the right (b and d) show the same
slice of the registered pre-procedure T2W MRI. Yellow contour corresponds to the outline
of the prostate gland segmented in the diagnostic image and warped to the intra-procedural
image space by means of registration. Images for Patient 2 show brachytherapy seeds
artifacts, as the patient previously underwent radiation therapy.
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Figure 2.
Summary of the LRE and DSC for the affine registration results with various values of the
initial misalignment for the registration case with the smallest capture range (patient 2,
n=500 registration experiments). (a) Binned histogram of the maximum LRE as a function
of the initial misalignment magnitude. As the initial misalignment magnitude exceeds 4 mm,
it becomes more likely for the registration to converge to a local minimum. (b) Histogram of
the DSC values over the 500 experiments. Registration success was concluded when DSC
exceeded 0.8 so that the results corresponding to the local minima (n=129) are discarded. (c)
Histogram of the DSC values for the registration experiments results deemed successful.
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Table 1

Summary statistics (mean and standard deviation, SD) of the label overlap (Dice similarity coefficient, DSC)
between the segmentations of the total gland (TG), peripheral zone (PZ) and central gland (CG) in the intra-
procedural image, and the segmentations in the diagnostic image resampled to the fixed image space following
registration. Inter-rater agreement is defined as the average DSC between the masks produced by the two
raters for the same structure in the pre- and intra-procedural images.

Mean (SD)

Structure
of

interest

Mean (SD)
inter-rater
agreement

Rigid Affine
(* p<0.05 relative to Rigid)

B-spline
(* p<0.05 relative to

Affine)

TG 0.91 (0.03) 0.85 (0.04) 0.86 (0.04) * 0.88 (0.03) *

CG 0.86 (0.04) 0.83 (0.05) 0.84 (0.05) 0.85 (0.04)

PZ 0.80 (0.03) 0.67 (0.06) 0.71 (0.06) * 0.74 (0.05) *
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