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Abstract
Purpose—To determine whether a non-rigid registration (NRR) technique was more accurate
than a rigid registration (RR) technique when fusing pre-procedural contrast-enhanced MR images
to unenhanced CT images during CT-guided percutaneous cryoablation of renal tumors.

Methods—Both RR and NRR were applied retrospectively to 11 CT-guided percutaneous
cryoablation procedures performed to treat renal tumors (mean diameter; 23 mm). Pre-procedural
contrast-enhanced MR images of the upper abdomen were registered to unenhanced intra-
procedural CT images obtained just prior to the ablation. RRs were performed manually, and
NRRs were performed using an intensity-based approach with affine and Basis-Spline techniques
used for modeling displacement. Registration accuracy for each technique was assessed using the
95% Hausdorff distance (HD), Fiducial Registration Error (FRE) and the Dice Similarity
Coefficient (DSC). Statistical differences were analyzed using a two-sided Student’s t-test. Time
for each registration technique was recorded.

Results—Mean 95% HD (1.7 mm), FRE (1.7 mm) and DSC (0.96) using the NRR technique
were significantly better than mean 95% HD (6.4 mm), FRE (5.0 mm) and DSC (0.88) using the
RR technique (P < 0.05 for each analysis). Mean registration times of NRR and RR techniques
were 15.2 and 5.7 min, respectively.

Conclusions—The non-rigid registration technique was more accurate than the rigid registration
technique when fusing pre-procedural MR images to intra-procedural unenhanced CT images. The
non-rigid registration technique can be used to improve visualization of renal tumors during CT-
guided cryoablation procedures.
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Introduction
Percutaneous cryoablation of renal tumors has been guided by MRI, US, and more recently
CT [1-3]. CT is often favored because it is more available than MRI, and unlike US, can be
used to visualize fully the effects of freezing during the procedure [4,5]. Like most CT-
guided interventions, percutaneous cryoablation uses unenhanced CT images, and as a

© CARS 2010
sota@bwh.harvard.edu .

NIH Public Access
Author Manuscript
Int J Comput Assist Radiol Surg. Author manuscript; available in PMC 2011 July 1.

Published in final edited form as:
Int J Comput Assist Radiol Surg. 2011 January ; 6(1): 111–117. doi:10.1007/s11548-010-0485-9.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



result, some tumors may not be visible [6]. Even if the tumor is visible, its margins may be
indistinct. Intravenous (IV) contrast material can be administered to enhance visualization of
the tumor, but its effect are often transient, and do not last long enough to be useful
throughout the procedure. Furthermore, patients with renal insufficiency may not be able to
receive IV contrast material [7]. The lack of tumor visualization with unenhanced CT can
lead to difficulty in determining where to position the cryoablation applicators that can result
in either an ineffective ablation, or an ablation that involves too much normal renal
parenchyma [8,9]. To assist with this problem the interventional radiologist often relies on a
pre-procedure contrast-enhanced CT or MRI that depicts tumor margins and surrounding
structures, including vascular anatomy. ‘Image registration’ is a technique that attempts to
match and correlate two different image datasets, and in this study brings pre-procedural
MR images and intra-procedural CT images into anatomical alignment. Once registration
has been performed, the relevant information from both registered images can be combined
to provide a ‘fusion image’ that can be useful in depicting renal tumors during CT-guided
cryoablation.

Common techniques for fusing two sets of images include rigid registration and non-rigid
registration. The rigid registration technique considers the target organs as if they were rigid
objects and tries to align two different images taken at different times without considering
the deformation of the organ [10-13]. More recently, non-rigid registration techniques which
take into account the deformation of the organ have been proposed [14,15]. To aid the
assessment of regional renal function, a non-rigid registration technique was used
successfully to align the kidney and correct for motion during each acquisition of a 3D
dynamic contrast-enhanced MRI sequence [15]. To our knowledge, neither rigid nor non-
rigid registration techniques have been applied to the kidney to aid CT-guided cryoablation
procedures.

The purpose of this study was to determine whether a non-rigid registration technique was
more accurate than a rigid registration technique when fusing pre-procedural contrast-
enhanced MR images to unenhanced CT images during CT-guided percutaneous
cryoablation of renal tumors.

Materials and methods
Patient population and clinical setting

After IRB approval, a retrospective study of the pre-procedural and intra-procedural image
datasets of 11 consecutive patients (mean age 66.5 years; range 49–81) who underwent CT-
guided percutaneous cryoablation of renal tumors between February and April 2009 was
performed. Informed consent was waived. Four tumors were in the right kidney and seven
tumors were in the left. Six tumors arose from the anterior half of the parenchyma of the
kidney, three at the junction between anterior and posterior halves, and two from the
posterior half. Eight tumors were exophytic, two were central abutting the sinus fat, and one
was mixed as it was both exophytic and abutted renal sinus fat [16]. Mean tumor diameter
was 23 mm (range 5–38 mm). All tumors were proven to be renal cell carcinoma by
percutaneous biopsy before the procedure.

Pre-procedural contrast enhancement MR images of the upper abdomen were obtained with
a 1.5T scanner (GE SIGNA, GE Healthcare, Milwaukee, WI) in the supine position. The
protocol included transverse, fat-suppressed T1-weighted dynamic imaging with three
dimensional (3D) fast-acquisition multiple-excitation spoiled gradient recalled acquisition in
the steady state sequence (TR/TE: 3.3–4.3/1.5–2.2 ms; flip angle 10°; slice thickness 5 mm;
gap 2.5 mm; plane pixel size ranging from 0.63 to 0.78 mm, matrix 512 × 512, 80–104
slices, acquisition time from 20 to 33 s.) with an 8-channel torso surface coil taken 30, 60,
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90, and 360 s after the IV administration of 0.2 ml/kg (range 11–20 ml) of gadolinium-based
contrast material (Magnevist, Berlex Laboratories, Wayne, NJ).

Intra-procedural unenhanced CT scans were obtained at the beginning of the procedure with
a 40-channel multi-detector row CT scanner (Sensation Open, Siemens Medical Solutions,
Forchheim, Germany), using the following protocol: 0.6 mm collimation, 0.5 s/rotation, 120
kV, 168–398 mA,with a matrix size of 512 × 512, plane pixel size ranging from 0.46 to 0.62
mm, slice thickness of 3 mm. Patients were in the right posterior oblique (n = 2), right lateral
decubitus (n = 5), or left lateral decubitus position (n = 4).

Non-rigid and rigid registration techniques
Contrast-enhanced MR images of the upper abdomen acquired at 90 s after intravenous
administration and the intra-procedural unenhanced CT images were transferred to a
computer workstation with four quad-core AMD Opteron 2.0 GHz processors and 16GB of
RAM on a Fedora 10 Linux operating system. The rigid and non-rigid registration
techniques were performed using open source software, 3D Slicer (http://www.slicer.org/),
an image processing and visualization modular software package [17]. An initial rigid
registration of the contrast-enhanced MR image and the unenhanced CT image was
performed by an abdominal staff radiologist who manually aligned the outer contour of the
kidney containing the tumor. This rigid registration was then followed by performing a non-
rigid registration between the same images. To eliminate irrelevant voxels in the registration
process and to reduce the number of voxels in the computations, the images were cropped to
limit the field of view to approximately 1 cm beyond the renal contour. The kidney was
segmented (contouring the outline of the kidney) on the CT and MR images, respectively, to
produce masked data (assigning 0 intensity to the pixels external to the kidneys) that
included only the relevant pixels in the similarity measurement, effectively removing
extraneous tissues and background voxels (e.g., liver, adrenal gland, bone, and fat) [18].
Kidney segmentation was performed using an intensity-based threshold segmentation that
provided an initial estimate of organ delineation, followed by manual correction by an
abdominal staff radiologist. A 3D volumetric non-rigid registration technique that employs
an “affine transformation” followed by a “Basis-Spline (B-Spline) transformation” was then
used. The affine transformation models the global motion of the kidney, compensating for
changes in scale and shear, while the B-Spline transformation created a free-form
deformation [10,14]. The non-rigid registration technique we used included the affine and
B-Spline registration both driven by maximization of mutual information using the Flecther-
Reeves-Polak-Ribiere (FRPR) gradient-line-search optimization. The affine used 30
histogram bins and 50,000 pixels to calculate the mutual information metric, whereas the B-
Spline used 100 histogram bins and 250,000 pixels. The B-Spline control grid was set to
5×5×5 [19]. This dual process (affine + B-Spline transformation) attempted to morph the
pre-procedural MR images onto the intra-procedural CT images, and therefore compensated
for any soft tissue deformation that occurred in the kidney between the two sets of images
(Figs. 1 and 2).

Data analysis
Rigid registration and non-rigid registration were compared in this study. The non-rigid
registration technique requires a preliminary rigid registration step. This rigid registration is
performed mostly to accommodate the difference in definition of the coordinate systems
used in CT and MRI. In CT, the origin of the patient-centric coordinate system (or RAS
coordinate system) is at the top left and on the first slice of a set of slices; in MRI, it is at the
center of the imaging volume. This compensation of the coordinate systems is followed by
an alignment of anatomy. Without these two stages of manual rigid registration, the non-
rigid registration could not correct the local image mismatching due to organ deformation
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since the images would be completely misaligned due to different definition of their
coordinate systems. Accuracy of the rigid and non-rigid registration techniques were
quantified using three metrics for validation: 95% Hausdorff distance (HD) [20], fiducial
registration error (FRE) [21] and Dice Similarity Coefficient (DSC) [22]. HD was calculated
to evaluate the discrepancy of the renal contours from the registered kidneys. HD was
defined as the maximum mismatch distance between two contours from registered kidneys
(Fig. 3). To calculate HD, the edges of the segmented kidneys from each of the registered
images were extracted. More formally, Hausdorff distance from set A to set B is a maxi–min
function, defined as:

where a and b are points of sets A and B, respectively, and d(a, b) is the Euclidean distance
between these points. Since HD is highly susceptible to outliers such as noise, the upper 5%
of distance measures were disregarded and the 95 percentile distance (95% HD) was used to
evaluate registration accuracy [20]. Perfect alignment would yield a 95% HD equal to 0 mm.

The FRE was calculated to show a better indication of the alignment of the internal
structures of the kidneys and was defined as a distance error, after registration, between a
pair of corresponding anatomical points in the pre-procedural and intra-procedural data sets
which are not used in the registration process. Mean FRE is defined as,

where i is the fiducial index, T is transformation matrix which registers the MR image, ra
and rb are the position of the fiducial point i in the MR and CT image coordinate system,
respectively. Two such points in the kidney were identified by an abdominal staff
radiologist: an upper- and lower-pole calyx. Perfect alignment would yield a FRE equal to 0
mm.

The DSC was calculated to measure the volumetric overlap between the segmented kidneys
which were derived from the registered images. The DSC is defined as,

where A and B are sets of voxels identified as signal in each of the segmented images [23]
(Fig. 3). In this study, A was the segmented kidney from the CT data and B was the
segmented kidney from the registered MR images. A DSC value of 1 is perfect alignment of
the two image datasets.

Mean values of 95% HD, FRE and DSC metrics were calculated for both the rigid
registration and non-rigid registration techniques, respectively. Using a two-sided Student’s
t-test, statistically significant differences (P < 0.05) of mean values between the methods
were reported.

In addition, a visual comparison of renal contours between CT images and registered MR
images was performed. The renal contours from the MR images after rigid and non-rigid
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registration technique were overlaid on the CT images to compare renal contours between
registered MR and CT images.

Processing time
The times for computing the processing steps of the rigid and non-rigid registration
techniques were recorded and tabulated. The time for the rigid registration technique
included the manual registration. The time for the non-rigid registration technique included
rigid registration, image cropping, segmentation for CT images, affine and B-Spline
computations. The time for the rigid registration technique was included also in the time
calculation for the non-rigid registration technique, since the non-rigid registration technique
required a preliminary rigid registration of the images. Segmentation of the pre-procedural
MR images was not included in the processing time, since it can be performed prior to the
day of the ablation procedure.

Results
Mean 95% HD for the non-rigid registration technique (1.7 ± 0.4 mm) was significantly
lower than the mean 95% HD for the rigid registration technique (6.4 ± 4.4 mm) (P < 0.05).
Mean FRE for the non-rigid registration technique (1.7 ± 1.1 mm) was significantly lower
than the mean FRE for the rigid registration technique (5.0 ± 2.2 mm) (P < 0.05). Mean
DSC value after the non-rigid registrations (0.96 ± 0.01) was significantly higher than the
mean DSC for the rigid registrations (0.88 ± 0.04) (P < 0.05) (Fig. 4).

On visual inspection, the renal contours were matched better when the non-rigid registration
technique was used than when the rigid registration technique was used. In addition, the full
extent of the tumor could be seen with the fused images (Figs. 1 and 2).

Mean time to complete the rigid registration technique was 5.7 ± 1.3 min. Mean time for
non-rigid registration technique was 15.2 ± 3.2 min. Mean computation time for affine and
B-Spline registration was 9.4 and 39.0 s, respectively.

Discussion
Although, pre-procedural contrast-enhanced MRI and intra-procedural unenhanced CT
images were successfully registered and fused in all cases, the non-rigid registration
technique proved to be more accurate than the rigid registration technique. As detailed in the
introduction, tumor margins are often not visualized on unenhanced CT images. Therefore,
it is difficult to determine where to position the cryoablation applicators. This difficulty can
result in either an ineffective ablation, or an ablation that involves too much normal renal
parenchyma. Our registration technique may be useful in depicting renal tumors for planning
the interventional approach, facilitating the safe placement of the ablation applicators in the
tumor, and monitoring the ablation effects during cryoablation. These unmet needs
motivated the development of this registration technique. However, the purpose of our study
was to measure the accuracy of the non-rigid registration technique and to compare it to a
rigid registration technique. In the future, we believe our technique will enable better
planning and improved placement of cryoablation applicators, which will lead to better
tumor coverage and lower recurrence rates.

Both mean 95% HD and FRE values were lower, and mean DSC value was higher when
using the non-rigid registration technique. The mean DSC value (0.96) obtained using our
non-rigid registration technique was identical to the DSC reported for a similar non-rigid
registration technique used to aid the assessment of regional renal function [15]. Our
registration technique was just as accurate and was capable of fusing images from two
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modalities, each obtained with the patient in different positions. In addition, 95%HD and
FRE values were better than those reported by Wein et al. who used a non-rigid registration
to fuse between CT and US images of the kidney [24]. Wein et al. used an automatic, real-
time non-rigid registration technique to fuse pre-procedural contrast-enhanced CT images
with intra-procedural US images prior to percutaneous biopsy or radio-frequency ablation of
renal tumors; they achieved an FRE of 5.0 mm [24]. Our better results (FRE = 1.7 mm) may
have been due to the use of a B-Spline registration step in addition to an initial affine
registration that accounted for soft tissue deformation of the organ. Also, our use of cropped
and masked data for the non-rigid registration technique may have helped. We believe a
FRE value of 1.7 mm is sufficiently accurate to aid for a CT-guided percutaneous
cryoablation procedure; an error of 1.7 mm is relatively small compared to most renal
tumors that would be treated with cryoablation. When comparing this error to the image
resolution, which was less then 0.6 mm for the CT images and 0.8 mm for the MR images,
the error will thus span approximately two or three pixels in each of the images. We believe
that higher resolution images may lead to improved registration errors; however, they will
also require larger acquisition times for MR, and a change in the current clinical protocols.

Our non-rigid registration technique was used to fuse pre-procedural MR images to the
initial intra-procedural CT images obtained to plan the cryoablation procedure. The same
technique could be used to register pre-procedural MR images to the CT images obtained
after all cryoablation applicators have been placed, allowing assessment of the location of
the applicators in the tumor. Similarly, the pre-procedural MR images could be registered to
the CT images obtained after freezing to assess coverage of the tumor by the iceball. In
short, our non-rigid registration technique is practical for clinical use and can potentially
offer three main advantages: more precise planning, accurate assessment of the location of
the applicators in the tumor, and improved monitoring of the iceball.

One disadvantage of our registration technique is the time (15 min) required to perform it.
The registration time limits its applicability to the planning stage of the procedure. The
registration can be performed while the patient is being prepared and the interventional field
sterilized, but our technique may not be suitable to register pre-procedural images to intra-
procedural images while applicator placement or iceball monitoring due to long processing
time. With reduced registration time, the technique can be applied during applicator
placement or iceball monitoring. The current registration time included the time for
segmentation of the kidney on the CT images, 1–3 min for manual pre-processing of the
images (including cropping and masking) and 48.4 s computation time. Hence the largest
part of the registration time was spent on segmentation of the kidney. Therefore, automated
segmentation would help to reduce the registration time.

Our results point to the potential of a non-rigid registration technique to support CT-guided
cryoablation procedures. However, there are some limitations to our study. The first
limitation is that the initial segmentations of the kidney were performed using a semi-
automatic segmentation method which required some minor manual correction. The manual
correction was provided by only a single radiologist in this study and hence, inter- and intra-
observer variability was not evaluated. However, inter- and intra-observer variability is
likely to be low since the kidney is generally well-defined and easily distinguishable from
surrounding retroperitoneal fat. Furthermore, in our previous study of deformable
registration [25], we found that the inter- and intra-observer variability by DSC value in
prostate segmentation presented a standard deviation of only 0.01. The impact of this
variability, however, should not affect the statistical significance in comparing rigid and
non-rigid registration if similar variability occurs in kidney segmentation. Therefore, we
concluded that the impact of inter- and intra-observer variability is nominal in our study.
The second limitation is that the study was retrospective and involved only 11 patients.
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Although the non-rigid registration technique was significantly better than the rigid
registration technique, a larger prospective study will need to be performed in which the
non-rigid registration technique is used during the ablation procedure to assess the impact of
the technique on clinical outcomes.

This method was designed to register pre-procedure contrast-enhanced MRI to intra-
procedure unenhanced CT. Some centers use pre-procedure contrast-enhanced CT images
for tumor visualization. In this sense, although MRI and CT are comparable in their ability
to detect and characterize renal tumors, MRI provides better tumor to renal parenchymal
contrast. MRI does not utilize ionizing radiation and MR images are generally used to
follow the patient hence it is important to use MRI pre-procedurally. However, the technique
is versatile and we believe it can be used with pre-procedural CT images, which has become
the topic of future work.

Conclusions
We have described a non-rigid registration technique that can be used to fuse pre-procedural
contrast-enhanced MR images and intra-procedural unenhanced CT images during CT-
guided cryoablation of renal tumors. We have demonstrated that the non-rigid registration
technique was more accurate than the rigid registration technique. This technique can be
used to improve visualization of renal tumors during percutaneous CT-guided cryoablations.
Our results suggest that a clinical trial is warranted.
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Fig. 1.
63-year-old female with left renal cell carcinoma. a Pre-procedural transverse contrast-
enhanced spoiled gradient echo MR image of patient in supine position in a 1.5T scanner
shows a 2.1 cm left renal mass (arrow). b Planning transverse unenhanced CT scan in the
right posterior oblique position at the beginning of a CT-guided renal cryoablation shows the
mass but the margins are not defined well. c MR image fused with CT image after non-rigid
registration technique shows well-defined tumor in the left kidney (arrow). d The renal
contour derived from registered MR images using non-rigid registration (solid white line)
matches the renal contour on the CT image (white arrows) better than the renal contour
derived from registered MR images using rigid registration (dotted white line)
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Fig. 2.
61-year-old male with left renal cell carcinoma. a Pre-procedural transverse contrast-
enhanced spoiled gradient echo MR image of patient in supine position in a 1.5T scanner
shows a 1.9 cm left renal mass (arrow). b Transverse unenhanced planning CT scan in the
right lateral decubitus position shows exophytic portion of left renal mass (arrow) but the
central extent of the tumor is not visible. The mass (white arrow) is obscured further by the
colon (white arrowheads) and injected saline (curved white arrow) used to separate the
colon from the mass. c MR image fused with CT image after non-rigid registration
technique shows full extent of mass in the left kidney (arrow). d The renal contour derived
from registered MR images using non-rigid registration (solid white line) matches the renal
contour on the CT image (white arrows) better than the renal contour derived from
registered MR images using rigid registration (dotted white line)
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Fig. 3.
a Hausdorff Distance is the maximum perpendicular distance between closest points from
two contours of registered images. Black line represents a renal contour from one image and
gray line represents a renal contour from another registered image. Small circles represent
corresponding closest points between each contour. Hausdorff distance represents the
distance between small circles at black arrow. b Dice coefficient similarity (DSC) is an
index of overlap of two different volumes. Solid black line represents a renal volume from
one image and dotted black line represents a renal volume from another image after
registration. DSC is always between 0 and 1; higher DSC indicates better match between the
two different volumes
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Fig. 4.
Boxplots of the 95% Hausdorff distance (HD), fiducial registration error (FRE), and Dice
Similarity Coefficient (DSC) for non-rigid and rigid registration, techniques applied to pre-
procedural MR and intra-procedural CT images (a, b, c). Median values with lower and
upper quartile (box), 1.5 times the interquartile range (whiskers) are shown in each figure
part
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