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Application to Interventional MRI-Guided
Radio-Frequency Thermal Ablation
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Abstract—n this study, we registered live-time interventional an image slice was obtained at other orientations and positions,
magnetic resonance imaging (iMRI) slices with a previously mostly because of inconsistent image content such as that from
obtained high-resolution MRI volume that in turn can be reg- variable rectal and bladder filling. These preliminary experiments
istered with a variety of functional images, e.g., PET, SPECT, indicate that MR SV registration is sufficiently accurate to aid
for tumor targeting. We created and evaluated a slice-to-volume image-guided therapy.

(SV) registration algorithm with special features for its potential ) . i i

use in iMRI-guided radio-frequency (RF) thermal ablation of Index Terms—mage registration, interventional magnetic reso-
prostate cancer. The algorithm features included a multiresolution a@nce imaging (iMRI), minimally invasive treatment, mutual in-
approach, two similarity measures, and automatic restarting formation, prostate cancer, thermal ablation.

to avoid local minima. Imaging experiments were performed
on volunteers using a conventional 1.5-T MR scanner and a
clinical 0.2-T C-arm iMRI system under realistic conditions. Both
high-resolution MR volumes and actual iMRI image slices were . . . . .
acquired from the same volunteers. Actual and simulated iMRI E USE AN interventional magnetic resonance imaging
images were used to test the dependence of SV registration on (IMRI) system to guide minimally invasive treatments,
image noise, receive coil inhomogeneity, and RF needle artifacts.including the radio-frequency (RF) thermal ablation of abdom-
To quantitatively assess registration, we calculated the mean voxel jng| cancers [1]-[3]. The iMRI system consists of a 0.2-T clin-
displacement over a volume of interest between SV registration ical C-arm open MRI scanner, an in-room RF-shielded liquid

and volume-to-volume registration, which was previously shown | . MR bl f dal d
to be quite accurate. More than 800 registration experiments were CryStal monitor, an compatible mouse, a foot pedal, an

performed. For transverse image slices covering the prostate, the an RF device. We are currently investigating the extension of

SV registration algorithm was 100% successful with an error these techniques to the treatment of prostate cancer. Since MRI

of <2 mm, and the aV$fa9_9 and Sﬁa“dafd deviation was or|1ly does not reliably show prostate tumors, we intend to incorpo-

0.4 mm+ 0.2 mm. Visualizations such as combined sector display o1q clear medicine or MR spectroscopy images with higher

and contour overlay showed excellent registration of the prostate itivity for d . dl lizi

and other organs throughout the pelvis. Error was greater when SE€nSitivity for detecting and localizing prostate tumors [4], [5].
We will first register the low-resolution functional images with
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of finding centroids of relatively large prostate volumes wherEhe joint probabilityprr(r, f) and the marginal probabilities
segmentation errors average out. We obtained somewhat laggefr) of the reference image ang-(f) of the floating image
prostate registration errors of about 3.0 mm when volume pagan be estimated from the normalized joint intensity histogram.
were obtained under very different conditions that would BEhe correlation coefficien€ C(R, F') is given as follows [19]:
avoided in patient studies, e.qg., legs flat and legs raised. — —

In this study, we are investigating methods to register CC(R,F) = X (B(r) — R(n) (F(f) — F(/)) )
live-time iIMRI image slices with a previously obtained \/Z (R(r) - ﬁ(r))2 > (F(f) - F(f))Z
high-resolution MRI volume. We call this slice-to-volume
(SV) registration. Because of our success with VV prostakéere R(r), F(f) denote the average intensities of the refer-
registration, we can determine SV accuracy by comparirgce and floating images and the summation includes all voxels
results to VV registration for volume pairs having low VVwithin the overlap of both images.
registration error. We compared the two similarity measures at different reso-

The application of SV registration to iMRI-guided treatmeniutions in order to determine their suitability for SV registra-
of prostate cancer raises several challenges. First, a single sligm. At 1/4 resolution we resampled images so as to give 1/4
or a few slices, provides much less information than an entisember of the voxels along each linear dimensionfudltreso-
volume for voxel-based matching. Second, iIMRI images oftéution, we used the full number of voxels. In Figs. 1 and 2, we
have lower signal-to-noise ratio (SNR) than diagnostic MR inplot the two similarity measures as a function of two transla-
ages because of the emphasis on fast imaging and becausgonfparameters. After two typical high-resolution MR volumes
the typically lower field strength of open iMRI magnets. Thirdwere registered [8], values were plotted with the origin as the
the normal prostate is a small organ; when healthy, it measutggimal transformation. We calculated CC and Ml values while
only ~3.8 cm in its widest dimension [9]. The small prostate imoving the simulated iMRI image relative to the high-resolu-
located below the much larger bladder that can change its shéipa MR image along coronal (anterior—posterior) and sagittal
and size during imaging. Fourth, the nonhomogenous rece{ieft—right) axes. The simulated iIMRI image was obtained as
coil response can change from one imaging session to the négscribed in Section Il.

Finally, times for registration and algorithm robustness are of Features of Ml and CC demonstrate their suitability at high
particular concern for this application to treatment. and low resolutions, respectively. At 1/4 resolution, CC sur-

Previously reported methods for SV registration were mainfgces are much smoother than Ml, which is noisy and contains
applied to the brain for applications of functional MRI [10]many local maxima as shown in Fig. 1(a) and (c). In fact, there
postmortem pathology studies [11], and anatomical modelifga false global maximum at25 voxels. At full resolution,
[12]. There are no reports of SV registration for abdominal oFig. 2(a) and (c) shows that Ml has a much sharper peak than
gans or iMRI guidance. Voxel-based methods, particularly tho€g, but once again there is high-frequency noise in the MI
based upon mutual information (MI), are robust, require no segirves, far from the optimum, that gives rise to local maxima
mentation that can be prone to error, are suitable for multhat must be avoided. From these figures, we infer that CC is
modality registration, and are highly accurate for many applyetter at low resolution and Ml is better at full resolution, when
cations [3], [8], [10], [13]-[15]. However, the MI method hasone is close to the optimum value. As described next, our regis-
the problem of interpolation artifacts, which can be especialyation algorithm makes use of these features.
serious in the case of downsampling in a multiresolution ap-
proach [16]. Other similarity measures such as the correlatiBn Registration Algorithm with Special Features
coefficient (CC) can reduce the presence of local minima [17]. The algorithm includes special features to improve robust-

In this paper, we first describe a voxel-based registration @less for registration of MR prostate images. Suppose the iMRI
gorithm with special features for this important new applicamage slice is theeference slicethe matching slice extracted
tion. Later, we describe the details of imaging experiments @m the high-resolution MRI volume is theformatted slice
a conventional MR scanner and a clinical iMRI system. AGnd the final reformatted slice is thegistered sliceWe use
tual and simulated iIMRI images are used to test the registeamultiresolution approach and perform registration from low
tion algorithm. Results of SV and VV registration are comparegb high resolution. We use CC at the two lower resolutions be-
In this study, we have performed more than 800 registratieause it gives fewer local maxima and because it can be calcu-
experiments. lated faster than MI. We use MI at full resolution because of its

peaked surface. To avoid local maxima, we include a restarting

Il. REGISTRATION ALGORITHM feature where registration is restarted with randomly perturbed

parameters obtained from a uniform distribution about the ini-
tial transformation values at the current resolution being used.

We used two similarity measures—mutual information anfie aigorithm restarts until the absolute CC is above a threshold
correlation coefficient—in our registration. Suppose one imagg g 5 as determined later or the maximum number of restarts
R is thereference and the othed” is floating. Their mutual s reached. Absolute CC is used rather than Ml because it has a

A. Similarity Measurements

informationMI(R, ') is given as follows [18]: well-defined range between 0 and 1 and because it provides an
independent check of the Ml result at the highest resolution.
MI(R, F) = ZPRF(hf)bg M We record all important results following an optimization
rf pr(r) - pr(f) cycle including the CC and/or Ml values and the transforma-
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Fig. 1. Similarity functions are plotted as a function of translations at the lowest resolution in the multiresolution registration proces#-golbiipn MRI
volumes were registered. From the optimal parameters, we computed the similarity of the simulated iIMRI and MRI images as a function of traostptiens al
coronal (anterior—posterior) and sagittal (left—right) axes. Ml is plotted in (a) and (c); CC is plotted in (b) and (d). Graphs (a) and (b) aref8¢Erpiwtiations
along the coronal and sagittal axis. Graphs (c) and (d) are 2-D plots for translations about the coronal axis. The small insets in (c) and (d)eafeunaegifi
showing noise having local maxima in (c). A false global maximum for MI occurreid2& voxels. Images are from volunteer S2, and they are downsampled by
1/4 along each linear dimension, giving a distance between voxel centess.Bfmm.

tion parameters. At the end of processing at a lower resolutiamoxels over a field of view covering the whole pelvis. We create
we always select the transformation parameters having the motropic voxels of about 1.4 mm on a side using 3-D linear in-
imum CC value. We then scale the translation parameters apgespolation. We use IDL (Interactive Data Language, Research
priately and assign the new parameters to be initial values at 8ystems Inc., Boulder, CO) as the programming language.
next higher resolution. At the highest resolution, Ml instead of Typical parameter values are now described. We use an initial
CC is the similarity measure, and we select the final transfaguess assuming an identity transformation, i.e., all initial trans-
mation parameters to be those having the maximum MI valudation and rotation parameters are zero, because the patient is
normally oriented approximately the same way from one scan
C. Additional Details to the next. We set the maximum numbers of restarts at 10, 5,

Additional algorithm details are now described. For registrzzia-nd 3, from low to high resolution, respectively.

tion, we use rigid-body transformation (three translations and

three rotations) and trilinear interpolation. For optimization, we I1l. EXPERIMENTAL METHODS
use the downhill simplex method of Nelder and Mead [20] or
the Powell method [21]. Optimization of similarity ends eithe’rA'
when the maximum number of calculations is reached (typically High-resolution MRI volumes were acquired using a 1.5-T
500) or the fractional change in the similarity function is smallé8iemens MRI system (Magnetom Symphony, Siemens Medical
than a tolerance (typically 0.001). The input MRI volume iSystems, Erlangen, Germany). An eight-element phased array
a 3-D MR acquisition giving 25& 256 x 128 nearly isotropic body coil was used to ensure coverage of the prostate with a

Image Acquisition
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Fig. 2. Similarity functions are plotted as a function of translations at full resolution. Many details are given in the legend of Fig. 1. Againtiéidism(a)

and (c); CC is plotted in (b) and (d). Ml in (a) and (c) has a much sharper peak than CC in (b) and (d). The voxel is isotropic with 1.4 mm on a side. Image data

are the same used in Fig. 1.

uniform sensitivity. Typically, two anterior and two posteriolgave excellent image contrast for the prostate and its surround-
elements were enabled for signal acquisition. We used two difigs. It was used to acquire volumes for volunteers S2—S4.
ferent MR sequences. First, we used a 3-D RF spoiled gradientWe also acquired iMRI images from the same volunteers
echo steady-state pulse sequence (FLASH) with TR/TE/fliysing a clinical 0.2-T C-arm open MR scanner (Siemens Open
parameters of 12/5.0/60, which give 2s5&@56x 128 voxels Symphony, Erlangen, Germany) modified for interventional
over a 330x 330x 256-mm field of view (FOV) to yield MRI procedures and in this paper referred to as the iMRI
1.3x 1.3x 2.0-mm voxels oriented to give the highest resolwlsystem. We used a 3-D PSIF with 25/13/60 (TR/TE/FA) for
tion for transverse slices. The acquisition time is 5 min and 3®age volume acquisitions and two-dimensional (2-D) PSIF
s. This sequence is good for pelvic imaging, but is not ideal farith 15.2/7.4/45 (TR/TE/FA) for image slice acquisitions.
the prostate. It was used to acquire volumes for volunteer She iMRI volumes were 256 256 x 100 with voxel size of
Second, we used a 3-D rapid gradient echo sequence (PSIB)x 1.3x 1.4 mm. The iMRI slices were 128128 with
designed to acquire the spin-echo component of the steady-statplane pixel size of 2.& 2.8 mm and with effective slice
response, rather than the free induction decay. The spin ethickness of 5 mm. We acquired iMRI images from volunteers
component forms immediately prior to the RF pulse; it i$1-S3.

shifted toward the prior RF pulse through appropriate gradient

waveform design. The sequence with 9.4/5.0/60 (TR/TE/lif. Simulation of iMRI Image Slices

yields 160x 256x 128 voxels over a 219 350x 192-mm In experiments, we used high-resolution MRI volumes to
rectangular FOV and 141.4x 1.5-mm voxels oriented simulate iMRI image slices, which are thicker, noisier, and de-
to give the highest resolution for transverse slices. Theregsaded by receive coil inhomogeneity. Clinically, we typically
over sampling at 31% in the slice direction to reduce aliasinge an iMRI slice thickness of 4.0-6.0 mm. We used trilinear
artifacts. The acquisition time is 4 min and 15 s. This sequenicgerpolation to create isotropic high-resolution MRI volumes
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Fig. 3. High-resolution MR images, simulated and actual iMRI image slices. Images on the left column, (a), (d), and (g), are the original high-kéRolut
images from the 1.5-T scanner in the transverse, coronal, and sagittal planes, respectively. Images in the middle column are the corresgatatirtgjckimu
iMRI images with noise added to gigNR = 15 and with sensitivity fall off from a belt coil. Images on the right panel are actual iMRI slices (0.2-T scanner)
from similar spatial locations. The actual iMRI slices seem blurred because of nearly doubled pixel size. Images are from volunteer S2.

with voxel size of 1.4x 1.4x 1.4 mm. From the isotropic
high-resolution MRI volume, we averaged three 1.4-mm
adjacent thin slices to create a 4.2-mm-thick slice. MR noist
in a magnitude is described by the Rician distribution [22]. At
SNR values of greater than approximately five, the noise can b
approximated as being Gaussian white noise [23]. We measurt
typical sighal and noise values on our iMRI system using ¢
homogenous phantom, and volunteer images in the region ¢
the prostate with methods described elsewhere [24], [25]. In a
cases, image SNR was greater than 10 in all tissues includir
the prostate. With this justification, we added Gaussian noise t i
the simulated iMRI image slices either to match the measure j
SNR or to give much greater noise to further stress registratior
We report noise experiments using the SNR of the simulate
image slices. Fig. 3 shows high-resolution MR images as we! 2e
as simulated and actual iMRI image slices. _

We simulated receive coil inhomogeneity from a belt coﬁ]I
used in our clinical iIMRI acquisitions. The coil is modeled as a
solenoid with parameters shown in Fig. 4. Coil parameters

a, the radius of th_e_ coil, 3, the Iengt.h ofthe cql[, the curre_nt; inhomogeneity along the axis (head—foot) direction.
o, the permeability of free space; the turns; and the axis, Because a needle will often be present during an iMRI in-

the axis along the center "’?e of the coil. The magnetic field ilrérven'[ion, we tested the effect of simulated needles on regis-
thezy plane can be approximated as [26] tration. We used artifact sizes from a previous report on the ef-

A

A

g. 4. Geometry of solenoidal receive coil. Model parameters are defined in
e figure. The axial line is along the cranial-caudal direction of the patient.

6srl‘(?:jnal sources. Fig. 5 shows a coronal image with simulated

Lon I fects of pulse sequence design and magnetic field orientation on
(B1),, = > T o (1) needle artifacts in MR-guided biopsy and aspiration [29]. Fig. 6
[0 + ¢°] shows sagittal images with and without a simulated needle ar-

tifact. The simulated artifacts in Fig. 6(b) appeared as straight

The z component of the field is given by [27] noisy bars 2 mm in width

I . .
(B1). = “;n (cos ag + cos az) (2) C. Imaging Experiments
g

1) Imaging Experiments for High-Resolution MR
where the definition of the angles anda, are given in Fig. 4. Volumes: When acquiring high-resolution MR volumes,
The magnetic field is highest at the coil center and falls off alonglunteers laid supine in a manner similar to ttiagnostic
the axial direction. According to the Biot—Savart law [28], thipositionin routine MR scanning. Between volume acquisitions,
model also accounts for the spatial sensitivity of the coil to MRolunteers got up from the MR table, stretched, and walked
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images to differentiate them from previous experiments using
“simulated iMRI slices.

D. Registration Experiments

1) Registration Experiments Using Simulated iMRI
Images: We used 12 pairs of high-resolution MR volumes to
perform registration experiments. For each volume pair, we
extracted data from one volume to simulate thick iMRI image
slices; and then we registered the simulated image slices to
the other volume. We desire an iMRI slice image acquisition
method that gives robust, accurate registrations and is relatively
insensitive to acquisition parameters. Hence, we performed
experiments to determine the dependence on slice orientation
(transverse, sagittal, and coronal), on slice position relative to
the prostate (above, centered, and below), on image noise from
fast imaging techniques, and on the inhomogeneous sensitivity
Fig. 5. Simulated signal changes due to receive coil inhomogeneity. THRSPONse from a belt coil.
original image (a) is acquired using a phased array coil on a conventional 1.5-T2) Registration Experiments Using Actual iMRI Image
MRI system. Using a belt coil model with a diameter of 350 mm and a widt§|;ces: \We also performed two types of SV registration
of 50 mm, the simulated iIMRI image is shown in (b). The image intensity IS . . . . . .
highest at the center and decreases along the axial direction. experiments using the actual iMRI images. First, we registered
actual iIMRI image slices with high-resolution (1.5-T system)
MR volumes and visually evaluated results. For each volunteer
S1-S3, there were three high-resolution MR volumes and 50
iIMRI image slices giving 150 SV registration experiments,
and a total of 450 experiments. Second, we registered thick
slices simulated from the volume of image data obtained on the
iIMRI scanner with the corresponding high-resolution (1.5-T
scanner) MR volume. In this case, we compared results to VV
registration obtained by registering the volume from the iMRI
system with the high-resolution volume (1.5-T scanner). We
investigated the effect of iMRI slice thickness by averaging
1-10 contiguous image slices to create a thick slice and
Fig.6. Syntheticimage with simulated needle artifact. Image (a) is the Sag“%‘gistering it to the high-resolution volume. The original actual
slice acquired from the 0.2 T iIMRI system without a needle artifact. Image ( . . . .
is obtained from image (a) with a simulated needle artifact (white arrow) for & RI volumes have a slice thickness of 1.4 mm and in-slice
RF needle probe inserted into the prostate. Images are from volunteer S3. dimensions of 1.3x 1.3 mm. We used trilinear interpolation

to create isotropic actual iIMRI volumes with voxel size of
around to ensure that they would assume a different positid8 x 1.3x 1.3 mm. Thus, thick slices simulated from actual
when they laid back on the table. Before the last of three voluriddRI volumes are 1.3 to 13 mm.
acquisitions, the volunteer voided to createesmpty bladder
The coil array was centered on the prostate. All images of t
same volunteer were acquired with the same MRI acquisition1) Visual Inspection:We evaluated registration experiments
parameters. In total, there are 12 volumes, three for eachbgf visual inspection. We useRegViz a program created in
volunteers S1-S4. IDL in our laboratory with multiple visualization and analysis

2) Imaging Experiments on iMRI Systerife acquired methods. First, we manually segmented prostate boundaries in
iMRI images under the conditions simulating the treatmeirhage slices and copied them to corresponding slices. This en-
application. The volunteer was supine, and his legs weabled visual determination of the overlap of prostate boundaries
supported at 38-60° relative to the horizon and separatedver the entire volume. Second, color overlay displays were
in a “V” with an angle of 60—-90¢° between two legs. This is used to evaluate overlap of structures. One image was rendered
similar to the lithotomy position used in prostate therapies, aimdgray and the other in the “hot-iron” color scheme available
it should provide access for needle insertion in brachytherajpylDL. To visualize potential differences, it was quite useful to
or RF thermal ablation. We call this theeatment position interactively change the contribution of each image using the
Before experiments, the volunteer voided their bladder. Fsansparency scale. Third, we used a sector display, which di-
each volunteer, all images were obtained within a 2-h sessiotded the reference and registered images into rectangular sec-
Between image acquisitions, volunteers moved to ensuoes and created an outputimage by alternating sectors from the
a different position. For each of the volunteers S1-S3, weo input images. Even subtle shifts of edges would be clearly
acquired three volumes and 50 iMRI image slices coverirggen.
the prostate. They included 30 transverse, ten coronal, an®) Volume-to-Volume Registration Standar@ur standard
ten sagittal image slices. We call these imagastdal’ IMRI  evaluation method was to compare SV and VV registration.

Fe Registration Evaluation
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The VV registration accuracy was previously evaluated [8]. For
volume pairs acquired over a short time span from a supine sub-
ject with legs flat on the table, prostates were well aligned and
prostate centroid displacements were typicallymm. The reg-
istration accuracy as determined from displacements of pelvic
bony landmarks was 1.6 me 0.2 mm. This error might be
overestimated because it includes the uncertainty of locating
the bony landmarks. From our success with VV prostate reg-
istration, we decided that we could obtain SV accuracy by com-
paring to VV registration for those volume pairs having low VV
registration error.

To compare SV and VV registration results, we defined a
rectangular volume of interest (VOI) just covering the prostate
over which to calculate registration error. To voxels within the
VOI, we applied the transformations obtained by the VV and by
SV registrations. We then calculated the 3-D displacements be-
tween the transformed voxels. The mean voxel distance over the
VOI was used as our metric of SV registration error. For eval-
uation of algorithm robustness, we defined the SV registration
as beingsuccessfulvhen the mean 3-D displacement was less
than 2.0 mm.

IV. RESULTS

A. Experiments with Simulated iMRI Images from the
1.5-T System

As described in Section 1Il, we obtained relatively Iow-noisELg- 7. . S?C)tO' diSIF”a)éShOWing gtg“;yf SV f?gis“ation- Tfansvefsehs“ces are
. . . . . . own for (a) simulated iIMRI an igh-resolution MRI images. In the sector
high-resolution MR images and simulated SV reg'Strat'on r%l"splay (c), achecker board pattern is created where image sections from (a) and
sults. These datasets allowed us to test effects of noise and(sgare alternated. Square sections from (a) are made brighter in order to show
ceive coil inhomogeneity in a controlled fashion. And. becaudte boundaries. As indicated by the arrows, the boundaries of bones and other
N h . ) ' structures are continuous across the sections indicating excellent registration.
we had_SUbS_tantlal previous experience _ShOWIﬂg the accuracx prostate registered very well. Images are acquired from volunteer S4.
VV registration under comparable conditions, we could easily

determine SV error by comparing results to VV registration. _ ) _ ) )
In Fig. 7, the sector display shows a simulated image S|i(_:eS|muIat|0n experiments showed SV registration to be very

registered with a high-resolution image volume. The simulatdfensitive to noise. We performed over 150 registration exper-

image slice was obtained at a transverse orientation near fR€Nts with noise added to give SNRs ranging from 20 to 5.

center of the prostate. The sector display shows close a"éfléing the slice configurations recommended above (transverse

ment at this position. Other transverse images were also walF€S Néar the prostate center), we obtained 100% successful
aligned, indicating that the registration was successful in thrEgistrations (an error2.0 mm) for SNRs>10, a value much
dimensions. worse than the clinical SNR value of25 on our iIMRI system.

We determined SV registration results for slices near the R€c€ive coil inhomogeneity also had little effect on regis-
prostate in the three standard orthogonal orientations. Colfglion- Registration again was 100% successful for all volume

pared with VV, mean and standard deviation registration errdt@rs under all receive coil configurations, even when the coil

across 12 volume pairs and 60 SV registration experiments Wg%the slice acquisition was displaced up _to 200 mm toward the
0.4 mm= 0.2 mm, 0.5 mmt 0.2 mm, and 2.6 mnd 1.6 mm head from the prostate center, the position of the coil for the

for transverse, coronal, and sagittal slices covering the prost¥@ume acquisition.

respectively. Transverse slices worked best because they ) ) ]

contain many relatively rigid anatomical structures (see Fig. 3: EXperiments with Actual IMRI Images

We further found that transverse slices centered on the prostat&ig. 8 shows results for an SV registration of actual iMRI
produced better results than those above or below the prostateage slices with a high-resolution MR volume. The contours
Image slices above included the deformable bladder that coolkrlap and overlay images show that the prostate matches very
give an inconsistent structure from one volume to the nextell. Other visual inspection techniques also demonstrate ex-
Image slices below the prostate mainly contained muscle atgllent registration. Note that a single iIMRI image was used to
fatty regions from the hips that could deform, again givingroduce this registration result.

inconsistent image data. Coronal slices worked next bestFig. 9 shows SV registration error as a function of slice thick-
Sagittal slices gave the largest error because they containatkas. As described previously, we first registered each volume
large portion of the deformable bladder and rectum. from the iMRI scanner with the corresponding high-resolution
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Fig. 8. Images after SV registration of actual iMRI slices from a 0.2-T open MR system. Image (a) is a transverse slice from a high-resolution MR&dlume (
scanner). The prostate is segmented and magnified in image (b). Image (c) is the actual iMRI slice (0.2-T scanner). Images (c) and (b) are dig@ayedriog
overlay in image (d), and the white rectangular region is magnified in image (e). The segmented prostate boundary from the high-resolution MiRpiedge is
to the actual iIMRI image where it closely matches the prostate in the actual iIMRI image slice indicating excellent registration.

5.0 SNR and/or because of the inclusion of more features. Error in-
creases with thicker slices, probably because of the inconsis-
tency of image features between the thick slice and more finely
sampled volume.

In Fig. 10, we evaluated SV registration for thick slices at
different orientations. The evaluation method was the same as
that used in Fig. 9, and the slices were 5 mm thick and inter-
sected the volume near the prostate center. Results were con-
[ sistent with those from the previous simulation experiments.

Ey
o

w
<)

g
o

Transverse slices worked best with an average VOI displace-
l ment of only 1.1 mmt+ 0.7 mm and a success rate of 100%.

Registration Error (mm)

{ I The coronal images gave a reasonable average error, but the suc-
\ 1 cess rate dropped to 86%. The sagittal orientation gave the worst
Il result.
0.0 Needle artifacts had little effect on the SV registration. In each
Tz 3 4 5 6 7 8 9 10 of 30 the experiments, we registered a high-resolution volume
Slice Thickness ( x1.3-mm) with an actual iMRI image slice containing or not containing
a simulated needle artifact. Visual inspection, the correlation
Fig. 9. SV registration using images with different slice thickness. The errgefficient, and mutual information values of registered images
metric is the average voxel displacement betweer! the SV and VV registrations. . .
Plotted are mean errors as well as standard deviation from a rectangular \$§pwed little effect of the needle artifact. The success rate was

surrounding the prostate. One typical datasets of high-resolution MRI volurd®0% in both cases.
and actual iIMRI slices of volunteer S1 are used for the registration experiments.

For each thickness, ten registration experiments were conducted using ten . . .
different simulated iIMRI transverse slices that intersected the prostate W§1 Algorithmic Robustness and Implementation

Qiﬁerent 'distances. Thick iMRI slices were obtained by averaging 1-10 iMRI The registration algorithm was quite robust for transverse
image slices. . . . . . .

slices covering the prostate. Using simulated iMRI slices from

high-resolution MRI volume pairs of four volunteers, the algo-
MRI volume (1.5-T scanner) using rigid-body voxel-based regithm never failed for any transverse slice covering the prostate.
istration [8] and used the result as the gold standard for caldn-addition, the final registration result was insensitive to initial
lating the SV error. Each thick slice image was obtained by aguesses within a very large range,g0, +60] mm for transla-
eraging several contiguous slices from the actual iMRI volumgons and 20, +20] degrees for rotations. With the restarting
As the slice thickness increases from 1.3 mmto 4x 1.3 mm, algorithm, we even successfully registered slices as much as
the registration error decreases, possibly because of impro@dmm from the optimum. This working range should be quite

-
o
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Fig. 10. SV registration error and robustness for iMRI images in the three

standard orientations. In (a), registration error relative to VV registration

The multiresolution approach improved algorithmic robust-
ness and speed. When we used only MI at full resolution,
registration was 70% successful compared to the 100% of the
full algorithm. This failure of MI was also reported by others
[13], [17]. The multiresolution approach enabled the program
to quickly approach the final value because of the reduced
number of calculations at low resolutions. For a typical image
pair, iterations at 1/4 resolution were approximately 4 and 25
times faster than at 1/2 and full resolution, respectively.

Restarting was important for image pairs with large trans-
lations and/or rotations from the optimum. In our experience
with over 800 SV registration experiments, restarting occurred
in about 5% of them. For an example pair with an 80-mm dis-
placement, the number of restarts was 3, 1, and O at 1/4, 1/2, and
full resolutions, respectively. Without restarting, we found that
registrations sometimes failed in cases of volumes with a large
mismatch of 54 mm and high noise. The algorithm was insensi-
tive to the CC threshold for restarting. When we decreased the
threshold from 0.8 to 0.5 with an interval of 0.05, we found little
change in the number of restarts and no change in final registra-
tions. We set the threshold at 0.5 to avoid only the most obvious
local maxima.

We now describe some aspects of the implementation. The
time for an SV registration was typically about 15 s on a Pen-
tium IV 1.8-GHz CPU with 1 GB of memory. The algorithm
was written in IDL and could probably be made much faster in
alower level language such as C. A call to the Simplex optimiza-
tion typically resulted in 50 to 105 similarity evaluations before
the tolerance value (0.001) was reached. The simplex optimiza-
tion method worked about 1.5-2.0 times faster than the Powell
method in our implementation. We used the Simplex method for
our experiments in this study.

s V. DiscussiON ANDCONCLUSION

plotted as a function of image slice orientation. In (b), success rate is also plottecbespite complications such as image noise, receive coil in-
as a function of orientation where registration is successful when the error, is

<2.0 mm. For volunteer S2, one high-resolution volume and one volume frcmpm()genelty' a “mlt_ed m_meer of Voxel_s’ and needle artifacts,
the iIMRI scanner were used in these experiments. Data were extracted from®é voxel-based registration can be quite robust and accurate.

iMRI volume to simulate iMRI slices with a thickness of about 5 mm. Fifteelll:or transverse slices Covering the prostate’ registration results

transverse, coronal, and sagittal slices from the prostate center were used fo
registration, respectively.

E\%\feed very favorably with VV results. Below, we further dis-

cuss the algorithm and its practicality.

sufficient for clinical applications where we can ensure good ) _

starting values. Using the pelvic bones as markers and deviteMutual Information at Low Resolution

localization methods [29], we should be able to position the There are probably several reasons why mutual information
prostate within about-20 mm in the imaging field. In addition, does not work well at low resolution. First, the similarity curve is
the patient normally lies supine in the MR bed with very littlenoisy with periodic oscillations from the so-called interpolation

rotation « £5°).

artifact [8], [16] that is accentuated at reduced resolutions [30].

Using CC and MI at different resolutions was an importamis a result, there are many local maxima in Fig. 1(a) and (c) that
feature that increased robustness. Ml registrations at low resan trap the optimization; and a similar result was reported for
lution sometimes gave false maxima [Fig. 1(a) and (c)], and ortbyain registration [13]. In additional experiments, we decreased
60% success was achieved when M| was used at all resoluticthge number of bins for both images to 256, 128, 64, and 32 and
The interpolation artifacts at low resolutions often caused fajotted mutual information values as a function of translation.
ures and required more restarts [16]. CC performed well aNdth a larger number of bins, we got no discernable effect of bin
gave fewer local maxima at the lower resolutions [Fig. 1(b) arsilze. When the number of bins was reduced to 32, the Ml surface
(d)], but MI was more accurate than CC at the highest resolutiaras degraded. Others showed that Gaussian blurring of images
due to the sharper peak of the Ml surface [Fig. 2(a) and (c)] [8efore registration did not improve performance at low resolu-
Our registration algorithm thus combined advantages from thiens and that there was little difference between standard and

two similarity measures.

normalized mutual information [40]. Second, when images are
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of low resolution and there is only a small region of overlap, therovided an efficient way to extensively evaluate registration
mutual information function can even contain incorrect globg@erformance. The algorithm was extremely robust to noise
maxima [30] as found in Fig. 1(a). This false result was obtaindelels, far beyond those encountered in clinical iIMRI appli-
at very large displacements where the SV overlap was reduceations. Similarly, the inhomogeneity seen with a belt coil
This occurs because Ml is not only a function of how well thevas not problematic for transverse images, probably due to
images match in the overlap, but also by how much informati@oil inhomogeneity simply scaling the grayscale values, an
is provided by the two images in the overlap [31], [32], [35]. A®peration that should not affect MI or CC similarity measures.
shown above, using both mutual information and correlation chleedle artifacts had little effect, probably because they occupy
efficient, at different resolutions, was an important feature theglatively few voxels. The actual iMRI images acquired under

increased robustness. more realistic conditions further tested practicality. Images
) . from the iMRI system contained more noise and had less
B. Accuracy Consideration contrast than those from the 1.5-T scanner. Registration quality

Essentially, we found that SV is of similar accuracy to V\was comparable to that of simulation experiments. Registration
registration, with an average voxel displacement difference tbhe can probably be improved considerably using optimized C
only 0.4 mm in the prostate for the simulated images and ab@@de rather than IDL. If registration is done in the background
1 mm for actual iMRI image data. Hence, the accuracy of the a seamless way, the time for registration is probably quite
best SV method is essentially that previously reported for V&cceptable. Although we normally used T2-weighted image
registration [8]. pairs, the registration worked well for pairs of T1-weighted and

We recommend that image data are obtained under compa-weighted images.
rable conditions by keeping a similar posture and by taking We conclude that the automatic SV registration algorithm is
clinical measures to reduce rectal and bladder filling. We s@wite robust for transverse image slices covering the prostate
no reason to suspect that SV registration will be inaccuraagd that the registration provides sufficient accuracy to aid
when such conditions are met. When images were acquitgthge-guided therapy. From previous reports of MR-PET or
under much different conditions, such as legs flat and ledfR-SPECT registration accuracy [6], [7], it appears feasible to
raised, rigid-body registration could result in prostate centrofmbine functional images to aid iMRI-guided procedures. We
errors as much as 3.4 mm. Another effect may be the tissaie beginning to explore this application in animal experiments.
deformation from insertion of the RF needle. From our previous
experience ob.se'rvini\m' Vivo peedle insertion in both animal REFERENCES
models and clinical trials with real-time MRI, the amount of _ _
tissue deformation that occurs with insertion of a sharp bevel™ 5 82" & T EREh o 5 BN & G R S SRR
tip needle is minimal and transient in tissues with normal diofrequency interstitial thermal ablation of abdominal tumors: clinical
interstitial pressure. In certain lesions, such as cysts or necrotic  trial for evaluation of safety and feasibilityJ: Magn. Reson. Imagvol.
tumor, persistent d?form,ation iS, pogsiblg; howev?r' we Can[2] g FI)_pvl\lllcl);:)lrz i?%sa-rrillo, L. Zheng, A. Genc, J. L. Duerk, and J. S.
see such deformations in the live-time interventional MRI Lewin, “Evaluation of 3D image registration as applied to MR-guided
images and very probably mentally correct the registered, thermal treatment of liver cancer]. Magn. Reson. Imagvol. 8, pp.
fused images. We previously reported a warping registration;, Z?Ei‘:}ilzllcigJ?.L. Duerk, J. S. Lewin, and D. L. Wilson, “Semiautomatic
method [38], [39] that can correct deformations at the expense ~ 3-D image registration as applied to interventional MRI liver cancer
of additional complexity, time, and possibly robustness. treatment,1EEE Trans. Med. Imagyvol. 19, pp. 175-185, Mar. 2000.

The automatic SV registration provides sufficient accuracy M 221G 2o R 0 e e atonta wih
for many potential iIMRI applications. As compared to a typical prostate cancerUrology, vol. 56, pp. 988-993, 2000.

SPECT and/or iMRI slice thickness 6f3.0 mm, SV registra-  [5] J. Scheidler, H. Hricak, D. B. Vigneron, K. K. Yu, D. L. Sokolov, L. R.
ion s quite accurate. MR Spectroscopy also is done at limited 1S, Zdoudel ©.3 Neton, B, carl ana . futanence
resolution. If one were to use functional or high-resolution MR troscopic imaging—clinicopathologic studyRadiology vol. 213, pp.
images directly for targeting, the requirements for registration _ 473-480, 1999. .

accuracy would be great. However, fused image data will not be® -8 ﬁgfjs%?{, S ',\;‘l/'o"’l‘tceLr,egﬂgrg.“g;kgee’s.%%kr}]Eéﬁégg‘gpé‘??grzmk‘f_e'
used blindly. Rather, these visualizations will be used as aguide. fused PET-FDG and SPECT-ProstaSBiithaging of prostate cancer
Physicians will always use the live-time iMRI images for needle  with the gold standard of histologyJ. Nucl. Med, vol. 42, p. 1222,
guidance. With propervisualizationltoolsl, they should be a.b'leto 7 ?Ele'e, D. B. Sodee, J. L. Duerk, A. D. Nelson, and M. S. Berridge,
mentally account for any small registration errors. In addition, “Automatic registration of SPECT-MRI in the pelvisy. Nucl. Med,
very often there is image evidence of cancer in MR prostate im-__ vol. 41, p. 232, 2000. _

ages that can perhaps be identified with the aid of functionall® B: W- Fei. A. Wheaton, Z. Lee, J. L. Duerk, and D. L. Wilson, "Au-

) o ) tomatic MR volume registration and its evaluation for the pelvis and
images. Such MR-visible lesions can then become the markers prostate, Phys. Med. Biol.vol. 47, pp. 823-838, 2002.
for tumor targeting. [9] H. Gray, Anatomy—Descriptive and Surgicgélhe classic collector's
edition). New York: Gramercy Books, 1977, pp. 823-1010.
FSUNT P [10] B. Kim, J. L. Boes, P. H. Bland, T. L. Chenevert, and C. R. Meyer,
C. Practicality and Application “Motion correction in fMRI via registration of individual slices into an

The registration experiments presented here provideg  anatomical volume Magn. Reson. Megvol. 41, pp. 964-972, 1999.
[11] T.S. Kim, M. Singh, W. Sungkarat, C. Zarow, and H. Chui, “Automatic

Ta'rly cqmprehenswe tests fo_r the potential app“_cat'on. In registration of postmortem brain slices to MRI reference volurtieEE
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